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PREFACE 


Some years ago, when I first became interested in the subject 
of compressed-air pumping, l endeavored to obtain a book, or 
literature of some sort, that I could use as a guide in the design 
and installation of plants of this kind. I found comparatively 
little of any definite value; in fact the only information I could 
gather was obtained from air compressor manufacturers' cata¬ 
logues, a few brief articles in technical society journals and 
engineering periodicals, and some data in works on compressed 
air which were either more or less are petition of that contained 
in catalogues, or were of a purely theoretical nature. 

It was evident that I would have to depend upon my own 
efforts and experiments in the field for any practical working 
data that I might need. I was very fortunate in that I had 
the opportunity to install and test a number of air lifts operat¬ 
ing under a wide range of conditions and have consequently 
amassed a large volume of data. This data I thought of suffi¬ 
cient interest and value to condense and publish. 

In preparing this book, I have endeavored to place in the 
hands of the student a comprehensive theoretical study of the 
subject, and at the same time instruct the operating engineer 
in the practical economy essentials of the actual installation. 
'I’o realize the first, I have quoted from the works of Professors 
Elmo G, Harris, George Jacob Davis and Carl R. Weidner, 
and to realize the last, I have incorjxinttcd an article by Mr. 
Arthur II. Diamant together with my own data obtained as 
before stated. 

To thoroughly understand compressed-air pumping, it is 
necessary that some knowledge of hydraulics and thermody¬ 
namics be had. In the later chapters, I have given briefly the 
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principles of both that should be known. Taken altogether, 
this work, I think, contains all the information that is necessary 
to intelligently study, design, install and operate a compressed 
pumping plant of any size or capacity. 

I desire to express my thanks to the authors from whose 
works I have quoted and to the various manufacturers named in 
the text for furnishing the cuts needed. 

E. M. I. 

June 8, 1914. 
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CHAPTER I 

PUMPING WATER BY DIRECT ACTION THROUGH 

PISTONS 

Ik* use of compressed air as an agent for raising and trans- 

" lh r " qui : ls - U* 

H 'lZ T' : U< rap,d 8trides have made in 

XTnnT r;r y 8y - umis <kvimi ma ;™ tcd that 

n ulfu, one of the most important fields of endeavor for 
the compressor. I he prmcipul advantage derived from the use 
of t uni{tressed air and the one that makes it so readily adaptable 

l!TT! m ' " t! Tf Wf,1 ‘ wluVh U «*» transmitted over 
gna distances and the slight losses encountered in so doing. 

, kr there are no condensation and but slight radiation 

amTihn" Jm I r “ re "»« 1*y frie,. 

wir » , *' i, **™*'l “I «* length in He |,«g» t„ r„H„ w . 

Water Horne Power. To lift water require* the eapemliture 

wtTloI ".''“""T'."' w, ' rl *P™I» -pot. the leight of 
\\Atn ami the distance it m raised, or 

where 0-9X1/ (,) 

Q m work in foot pounds; 
q - pounds of water; 

// - total lift including friction. 

I he horse power necessary is expressed by: 

W.H.P. - 2J!£ M 

dd.ooo W 

I he value of q in (?) is pounds of water per minute. 
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The Direct-acting Pump. — In mining, tunneling and other 
kindred operations, it is often found convenient to use compressed 
air in place of steam for operating the ordinary direct-acting 
plunger pump. This type of pump is rugged and reliable, but 
even when actuated with steam, for which it is designed, it is 
very uneconomical due to its mechanical construction. There 
are no flywheels, and, consequently, the steam or air must be 
admitted during the full length of the stroke, and at exhaust a 
cylinder full of air at nearly the initial pressure is discharged 
into the atmosphere. 

Theoretically, a cylinder full of air being used at full pressure 
is capable of performing the foot pounds of work shown in the 
following expressions: 

Q = i 44 (Pi ~ P)Vi ( 3 ) 

where 0 

Pi - absolute initial pressure in pounds per square inch; 

P = absolute final pressure in pounds per square inch; 

Vi = volume of air in cubic feet of compressed air. 

Remembering the familiar formula: 


whence 


P1V1 = WRT 

Vl - WRT miWTt 

Pi Pi 


W = weight in pounds of the air; 

P = 778 . (C p - C v ) = 53.37 for air; 

Ti = initial absolute temperature in degrees F. 

Substituting these values for the equivalents in 3 

2 = 144 { Pl - P) SiiZiOj 

Pi 

e-7%. 3 i w 

If the pump is operating at ~N strokes per minute, «., being 
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supplied with air at the rate of A r cylinders full per minute the 
liorse power would he expressed by; 1 1 ’ U 


7685.3 MTxWi 1 - i .) 

I.H.P. * .. \ /V 

33 ,ooo 

i.ii.p,„ W'% „ />\ 

* 1-3 V pj 


(s) 


formula ( 5 ) does not take into consideration the power ncccs- 

',2 ;v:r m r m ' T e hiu ' kiu hu.e 

'n^hc ^Irim^rvhnd 00 ^ * M8W t0 excessive clearance 
. Ult sk,im t > hnder a »<i ports of the pump. Very 1 -tree 

• IdT headS iUKl pLsUm at ** Stroke 

t ■ , ,r r ' M “ • ' vith thc “"toed 

,rk „ he „.'a n ™““ le “ ny ‘“toafty of the piston 
-r tura 1 7 „ ir 1 . h ' M "l'“ CM ,“. re wi < h ‘iral the initial 
■ iur . ,s exhausted into the atmosphere without 

r;d>/.mg u„y return in work from it. The formula just derived 
en assumes no clearance or friction, and, therefore, is correct 
n!> for ideal conditions which mean too {jer cent efficiency 

3 ;"; r T't'i,'.. '" w tt 11 aiam ^ b ">»»* 

V ant ’ Uu f' 30 I KT ‘‘‘»t of the horsepower in the power 
.*! “ tHnf * u f ctl m ovl!rc ‘»mtng friction. The clearance losses 

r ^?h *** Whl ?‘ m ™ thllt thls ar ™unt of 

tiHt ll urL T T T T ml hy pum ^ «*» Wctbn 
tint Ik provided to replace that lost in the clearance spaces 

Sterefore the net available horse power for the actual raisteg 

the water is just 64 per cent of that indicated in (5), or * 


D.H.P 




( 6 ) 


eUTdrt f ^ (3) arC Cf f Uai to each «ther. 
* ; , ! , T "{ ,ur . m *« m minute necessary to perform 

e rUm f . iu ! y ** *f 5,,tc t ‘ as » , y determined. When ojjerating at full 
-iisure, it is dear that a volume of compressed air at a pressure 
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equivalent to the dynamic water-head will lift the same volume 
of water in cubic feet against that head, or 

Vi = v ( 7 ) 

where Vi = volume of compressed air per minute and v = cubic 

feet of water per minute to be raised. , . , 

This formula assumes, besides no losses, that the air and water 
cylinders have the same diameter, and is, therefore, adaptable 
only to the simplest case of direct-pressure pumping. Expressed 
in cubic feet of free air per minute (7) becomes, 

T T Pi.. 


and for gallons of water per minute instead of cubic feet becomes 

p, (8) 

p A 7.481 


The actual amount of air may be approximated by adding 
20 per cent to the volume obtained from the above formula. 
The air pressure necessary is found by dividing the total head H 
in feet by 2.31 and adding 20 per cent to overcome pump 

friction. , . . . A 

The problem is not always as simple as this; in fact, more often 

the steam or air cylinder is of greater diameter than the water 
cylinder. This arrangement permits of the use of air under 
lower pressure per square inch than that which is equivalent to, 
or slightly higher than, the dynamic water head. A convenient 
formula for determining the amount of free air necessary to pump 
an amount of water against a given pressure is 

TT E XG iva 

V = 0.093 —-— 191 

Cylinder Proportioning. — Having given the duty and being 
able either to calculate or to assume other quantities, it is a simple 
matter to apply the empirical rules of practice and design suit¬ 
able air and water cylinders to conform to the requirements. 


* Ibid. 
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In Table i are given the volumes of air in cubic feet per minute 
necessary to raise water against various heights. The proper 
cylinder ratios for the various duties are also given.* 

Partial Expansion. — If the pump is fitted with a flywheel, 
crosshead, etc., the air then may be used expansively. That is, 
the air under full pressure is admitted only during a part of the 
stroke; is then cut off, and the expansive force of the air completes 
the stroke. This is plainly a more economical method of opera¬ 



tion than the one just described. Referring to Fig. i, the work 
done in partial expansion is divided into three parts, namely: 

1. Work done during the admission of the air: 

< 2 i = 144 P1V1 

2. Work done during the expansion of the air: 

Q11 = 778 WC V (Ti — T2) 


3. Back-pressure work: 

Q111 = — 144 ^^2 

The total work done by the air during one stroke of the pump 
then is the algebraic sum of the three parts, or 

Q — Qi 4“ Qn — Qm 

= 144P1F1 + 778 WC V (Pi - Ta) ~ 144 PVa (10) 

Now 


T7 WRTx 
Vl 

C„ = 0.169 


, T/ WRT* 
and V 2 = 

and R = 53.37 


* Laidlow-Dunn-Gordon Catalogue. 
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TABLE i 

Air Consumption of Simple Direct-acting Pumps 


Ratios of air to water-cylinder 
diameters.... 

o-75-i 

0.875-1 

. 

1-1 

! 

1.125-1 

1.25-r 

1.5-x 

1.75-1 

2-1 

2.25-1 











Air pressure, 100 pounds per square inch 


Head of water against which 

104.0 

138.5 

185.0 

231.5 

288.0 

4x6.0 

555-0 

740.0 

925.0 

Cubic feet of air used per gal- 

nrrci’f^at* fYllTYlflPn . ........ 

0.675 

0.90 

1.2 

i.5 

1.88 

2.72 

3.60 

4.80 

6.0 

itju WcLLCi **••**•** 









Air pressure, 80 pounds per square inch 


Head of water against which 

83.0 

XII.0 

148.0 

181.0 

231.0 

333-0 

444.0 

j 

592.0 

740.0 

Cubic feet of air used per gal- 

1 r\r** Yxrcj "f £>7* miTTin^n ...... 

0.557 

0.70 

0.98 

1.24 

1.55 

2.23 

2.97 

3.96 

4-95 

J.UIJL WCtwvUA. •••••»••*• 








Air pressure, 60 pounds per square inch 


Head of water against which 
pump can work. 

62.2 

83.25 

III.O 

138.75 

173.0 

250.0 

333.0 

444.0 

Cubic feet of air used per gal- 
Ion water pumped.. 

0.438 

o.59 

0.78 

0.98 

1.22 

1.765 

2.34 

3.13 


Atr pressure, So pounds Per square inch 


Head of water against which 

52.0 

69.25 

97.5 

115.75 

144-5 

207.5 

277.5 

370.0 

462.5 

Cubic feet of air used per gal¬ 
lon water pumped.......... 

0.368 

0.51 

0.68 

0.85 

I.06 

1.53 

2.04 

2.72 

3.40 



. 







Air pressure, 40 pounds per square inch 


Head of water against which 

41.5 

55-5 

74-0 

60.5 

II5.5 

167.0 

222.0 

296.0 

370.0 

Cubic feet of air used per gal¬ 
lon water pumped.. 

0.32 

0.45 

0.60 

0.75 

0.895 

I.29 

I.80 

2.40 

3-0 









Air pressure, 30 pounds Per square inch 


Head of water against which 

31.2 

41.62 


69-37 

86.5 

125.0 

166.5 

222.0 

277.5 

Cubic feet of air used per gal¬ 
lon water pumped. 

0.262 

0.353 

0.47 

0.588 

0.732 

1.05 

1.41 

1.88 

2.35 








Air pressure, 20 pounds per square inch 


Head of water against which 
pump can work. 

20.75 

27.75 

37.o 

30.25 

57-75 

87.0 

III.O 

148.0 

185.0 

Cubic feet of air used per gal- 
Ion water pumped. 

0.204 

0.274 

0.365 

0.457 

0.569 

0.82 

1.09 

1.46 

1.83 
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Substituting these values in io we have 

Q= 7685.28[ft + o.ix (ft - zv) - Pi Jr] (11) 

Like formula (3), the foregoing is true only for 100 per cent 
effi ciency and where the clearance losses are zero. The mechani¬ 
cal efficiency and clearance losses of the crank and flywheel 
pump are approximately the same as those of the direct-acting 
pump. 

By making the simple substitutions necessary in (11), we may 
now derive an expression of reasonable accuracy showing the 
available horse power in a certain volume of compressed air for 
the act ual lifting of water when the air is partially expanded in 
a cylinder of the crank and flywheel pump operating at N strokes 
per minute. 

D.H.P. = [ft + 246 (Zi - ZV) - Zi~] (12) 

The volume in cubic feet of free air per minute required to 
raise a given quantity of water against a known dynamic head 
when employing partial expansion will depend upon the quan¬ 
tity of air admitted to the cylinder, or the cut-off volume. 
The method of calculation is simple and consists in the substi¬ 
tution of the various values in (10) and solving for Vi. The 
value of Vi and P 2 will depend upon the number of expansions 
employed, which is usually predetermined. The volume Vi 
may be then reduced to cubic feet of free air and corrections 
made for clearance volume in the cylinder. 

The initial pressure Pi is determined from the ratio of air 
cylinder to water cylinder diameters, and corrections made for 
frictional losses. 

Complete Expansion. — A still more economical method of 
applying air is to employ complete expansion in the cylinder; 
that is, allow the contained air after cut-off to expand down to 
the atmospheric pressure, or nearly so. To obtain a quick 
disposal of the air at the completion of the stroke of the pump, 
it is necessary that the exhaust pressure be slightly higher than 
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the atmospheric. For the sake of discussion and comprehension, 
we will ass um e here the theoretical condition, which is that the 
exhaust pressure is equal to the atmospheric pressure. 

The economical advantage of complete expansion over partial 
expansion lies in the fact that a shorter or earlier cut-off may 
be employed. For adiabatic expansion, the relation existing 
between pressures, volumes and temperatures throughout the 
stroke is quite the same as that for adiabatic compression of air 
given in Chapter IX. The expression for foot pounds of work is 
also similar to that for adiabatic compression, with the exception 
that necessary inversion of some of the values must be made. 

The formula is: 

Q = 49 S. 6 7 Pv[,-(ff] ( 13 ) 

Correcting for mechanical efficiency and clearance losses (13) 
becomes 

Q = 3x9.15 PF[i - J (14) 

The available horse power, then, for lifting the water is expressed 
by a 

D.H.P. = 0.0097 PFidi - ( 0 29 J (15) 

The volume of free air necessary to perform any given duty 
may be determined, as before, by substitution in the formulae and 
solving for V. In Table 2 are given the cubic feet of free air per 
minute per I.H.P. required for different cut-offs. 

Cylinder Design. — In many instances when the change from 
steam to air operation is made, the steam pumps already on 
hand are pressed into service. These pumps are usually designed 
with a cylinder ratio to take care of an excessive drop in pressure 
between the boilers and pump. When air is applied, there is a 
comparatively slight pressure drop and, consequently, the air 
pressure at the pump throttle valve is far in excess of the steam 
pressure formerly obtained at that point. The result is that the 
valve must be partially closed, and heavy losses due to wire- 



PUMPING WATER THROUGH PISTONS 


TABLE 2 

Cubic Feet of Free Air per Minute Used in a Cylinder per I.H.P. 


Point of 




Gauge pressure, pounds 




cut-off 

30 

40 

50 

60 

70 

80 

90 

100 

IIO 

125 

I 

3 

23-3 

21.3 

20.2 

19.4 

18.8 

18.42 

18.10 

17.8 

17.62 

17.40 

4 

2 

18.7 

17.85 

16.4 

17.1 

16.1 

15-47 

15.0 

14.6 

14-35 

14-15 

13.98 

13,78 

3 

1 

16.2 

15.2 

14.5 

14.2 

13-75 

13.47 

13.28 

13.08 

12.90 

2 

x 

14.5 

13.5 

12.8 

12.3 

H -93 

n -7 

11.48 

11.30 

II.10 

3 

1 

17.5 

15.2 

12.9 

11.85 

11.26 

10.8 

10.5 

10.21 

10.02 

9.78 

4 

20.6 

15.6 

i 3*4 

13.3 

II.4 

10.72 

10.31 

10.0 

9-75 

9.42 


By F. C. Weber in Compressed Air , October, 1896. 


drawing friction are imposed. When such a change is made 
and old pumps must be used, they should at least be rearranged 
so that the cylinder ratios will be better suited to lifts under 
which they are to operate. A better method is to replace the 
old power cylinders with properly designed cylinders in order to 
meet the various duties. 

This cylinder designing is simple and consists merely in the 
substitution in the formulae of the number of strokes per min ute, 
initial and final pressures for full pressure, partial or complete 
expansion operation depending upon the type of pumps, and 
solving for V\. This volume is then divided by the strokes per 
minute to find the volume per stroke. Corrections are next 
made for the clearance and friction losses before mentioned. 
Since the stroke length is fixed, the cylinder diameter may be 
determined by applying the empiric rules. 

Compound Pumps. — The final temperatures of the air in the 
cylinders when cut-off is employed are very low and for this 
reason the utilization of the expansive force of compressed air 
was at one time considered impracticable. The theoretical 
exhaust temperature for any given set of conditions may be 
computed by substitution in the formula 

P _ /Z Y 29 
Pi~\Tj 


and solving for T. 




throttle valve find heiiiirtg 
Fig. 3 . Ingcnoil-Kand KdmMr. tju> air j Ust J K . flirr admitting 

it to the pump cylinder. This latter process is known as re¬ 
heating and is done to raise the initial temjx-rature of the com 
pressed air to such an extent that the temperature after expansion 
will be above the freezing jx>int of water. An appliatu e su« h as 
that illustrated in Fig. 2 is employed anti is commonly known 
as a reheater. 
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The final temperatures met with in practice are higher than 
the theoretical ones because a certain amount of h at is a 
mitted to the expanding air from the atmosphere hrm.gh th 
cylinder walls and, also, some of the heat generated by tin unr 
pression of the clearance air at the end of each stroke >s absot bed 
by the incoming air. Moisture earned m the air tends to l,mu 
the temperature. When using air at full pressure there .H.ur, 
also a temperature reduction but this takes place m the eslianu 

passages and piping brutUM* 
expansion is delayed in this 
ease until the cylinder con¬ 
tents are released. 

Under ordinary working 
conditions the exhaust tem¬ 
perature is well below f 
when air is used expansively, 
and often when used at full 
pressure. The result is that, 
in the presence of moisture, 
freezing up of the [torts and 
piping is inevitable and, un¬ 
less precautions are taken, 

i m i it t i*rr 11 i 1 1 I i if m* fa 11« 111 IH 
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Compound pumps have been operated with air used both at 
full pressure and expansively in each cylinder. For the same 
ratios of expansion, the final temperatures of air used expan¬ 
sively in a compound pump are higher than if but one cylinder 
were used throughout the range of expansions, but final temper¬ 
atures are still very low. Unless reheating in some form is em¬ 
ployed the ports and passages in the low-pressure cylinder will 
become clogged with ice. 

Compound pumps have been used in many ways as regards 
reheating and expanding the air, but by far the most satis¬ 
factory method is to furnish cold air to the high-pressure 
cylinder, exhaust into a reheater where the air is expanded 
and heated and then convey it to the low-pressure cylinder, 
using the air at full pressure throughout the stroke in both 
cylinders. 

Return-air System. — In 1891 Mr. Charles Cummings was 
granted a patent on a “two-pipe system” of operating compressed 
air engines and pumps. This consisted of an additional pipe 
line connecting the exhaust of the pump with the compressor 
intake, and thus forming a closed circuit. By the use of this 
system the exhaust pressure of the pump, instead of being lost, 
is utilized in the air-compressor cylinder to increase the initial or 
intake pressure, thereby necessitating the expenditure of con¬ 
siderably less energy at the compressor. The same air is thus 
used over and again. Another advantage of the system is that 
less trouble is encountered in freezing because of the high ten¬ 
sion of the enclosed air. 

The system is best adapted to pumps operating with full 
pressure because of the absence of pulsations and consequent 
uniformity of flow of air to the compressor intake. 

The disadvantages are: complications of valves and piping, 
the high pressures necessary to high efficiency and the first cost. 
Since the piping necessary is double that used ordinarily, in 
very remote installations the first cost may become prohibitive; 
but for short-distance transmission the superior efficiency will 
undoubtedly overbalance the disadvantage. 
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Steam vs. Air. — Steam and air are alike in that they are both 
compressible gases, and both follow very closely the^laws of 
sensibly perfect gases. In expanding steam in a cylinder, com¬ 
paratively slight temperature losses are experienced. The steam 
cylinders are usually well insulated and every other precaution 
is taken to preserve the initial temperature. We may say, then, 
that during the expansion of the steam there is very little change 
of volume due to the reaction of the reducing temperature on the 
steam. 

In the case of air the conditions are quite different. Very 
soon after the compressed air leaves the compressor it is cooled 
down to the temperature of the surrounding atmosphere, and, 
consequently, the initial temperature of the air in the cylinder 
of the pump is also equal to that of the atmosphere. When 
expansion begins, the temperature of the air falls proportionately 
and the falling temperature reacts to reduce the pressure; and 
this reduction takes place even more rapidly than the pressure 
reduction due to the increasing volume. 

Comparing the expansion of steam and air, it is easily seen that, 
with the same initial pressure and the same cut-off, the mean 
effective or average pressure throughout the stroke of the former 
is greater than that of the latter. This means that the expansion 
curve of steam is above the air-expansion curve and, consequently, 
the steam card is of greater area than the air card. To do the 
same amount of work with air then, a much greater volume or 
initial pressure of air is necessary than to do the same work with 
steam. 





CHAPTER II 

THE DISPLACEMENT PUMP 


The need of a pump especially designed for use with com¬ 
pressed air and one capable of operation in isolated places without 
constant attention was recognized by a great many engineers 
and manufacturers and, consequently, numerous applications for 
patents on such pumps were made. The majority of the designs 
presented were impracticable, but the basic principles were 
similar and the name applied to each was the “Pneumatic Dis¬ 
placement Pump.” 

In the displacement pump, the compressed air is used to dis¬ 
place the water volume for volume in an enclosed tank or cham¬ 
ber. The air acts as the plunger, exerting the pressure directly 
upon the surface of the water. The use of pistons, packing glands 
and other wearing surfaces inside the chamber is thus eliminated, 
together with the mechanical friction losses so encountered. 

Figure 3 is a diagrammatic illustration of a single-tank (or 
chamber) displacement pump and shows the conditions existing 
when the discharge of water begins. The chamber has just 
previously been filled with water by gravity from an outside 
source and through the check valve indicated by the letter A. 
The compressed air is being admitted to the surface of the 
enclosed water through the three-way cock B. Water is being 
forced through the check discharge valve D and out through the 
pipe C to the point of discharge. When all the contained water 
has been discharged from the chamber, the three-way cock is 
shifted, cutting off the live air from the compressor, opening the 
chamber to the atmosphere and allowing the used air to escape. 
The weight of the column of water above closes the discharge 
valve D and the weight of the water outside the chamber forces 
the inlet valve open. As the air is exhausted, the water flows 
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in, occupying the space just previously filled with air. This 
is shown diagrammatically in Fig. 4. When the chamber is 
filled, the three-way cock is automatically returned to its origi¬ 
nal position, and live air is admitted. The inlet valve is now 




dosed and the discharge valve opened and pumping begun, and 

As in the direct-acting pump, air is used at full pressure in this 
type of displacement pump and is exhausted into the atmosphere 
at practically receiver pressure. As before pointed out, this is 
a wasteful method of using air, but in the displacement pump 
the total losses are considerably less than in the direct-acting 
pump. There are no mechanical friction losses to overcome 
(except the slight friction in the three-way cock and the valves), 
and the clearance losses are considerably less. Due to the ab¬ 
sence of wearing surfaces in contact with the water, the dis¬ 
placement pump can handle with ease quantities of solids, sand 
and grit as well as acid-laden liquids without injury to itself. 
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In Fig. 5 is shown an outside view and in Fig. 6 a sectional 
view of the Halsey single-cylinder displacement pump as formerly 
manufactured by the Pneumatic Engineering Co. This p um p is 
designed for submergence in the liquid to be pumped. The least 
allowable depth of submergence is indicated by the horizontal 



Fig. 5. — Halsey Displacement Pump. 

dashed line in Fig. 6. In lieu of submergence the intake of the 
pump may be connected by piping to an otherwise isolated water 
head that is equivalent to the depth of submergence required. 

As shown, the Halsey pump consists of a steel-riveted chamber, 
on the head of which is mounted two castings; one containing 
a piston air valve and operating mechanism, and the other con- 
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taining a ball-check discharge valve. Inside the chamber is a 
float which rides on the rising'and falling water surface and over 
a rod which is connected to the air-valve operating mechanism. 
Extending down from the discharge Valve is a pipe of equal 
diameter of discharge pipe and ending in a bell mouth near the 



bottom of the chamber. The operation is as follows: Water 
enters the chamber through the swing-check foot valves, and the 
level rises inside, carrying the float. When the chamber is filled 
the float engages the upper collar shown on the rod and shifts 
the air valve. The exhaust port is thus closed, compressed air 
is admitted to the water surface and pumping begins. As the 
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surface of the water is lowered, the float follows until the 
chamber is empty, when the float engages the lower collar on 
the rod and the air valve is shifted to its original position. This 
shift cuts off the compressed air, opens the exhaust port and 
the used air escapes. The chamber again fills and the operation 
is repeated. 

In Fig. 7 is shown a pair of Halsey pumps installed at different 
depths in a mine. Both pumps receive their air from a common 
pipe and also discharge into the same flow pipe. 



The flow of water from this type of pump is intermittent, for 
during the period of time required to exhaust the air and fill the 
chamber with water, the discharging has ceased. In the twin- 
chamber displacement pump this objection is almost entirely 
removed; for while one chamber is discharging, the other one 
is being filled, and, consequently, the only time lost to actual 
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pumping is tin* short period mjuiml l*y the valve mechanism 
in moving the air valve. Fig. 8 is a diagrammatic illustration 
of a pumping apparatus of this type. Tlu» four-way valve shown 
mounted above the chamber heads controls the live air and 
"switches" it from chamber to chamber at the proper moment. 
The exhaust air from each chamber is also regulated by the same 
valve. 

Figure t> illustrates the conditions that exist during the time 
that chamber A is being emptied of its water and chamber H 



Fici, «>. 

is being idled. The one is emptied in a slightly greater length 
of time than is required to til! the other. Immediately after A 
is emptied of water the four way valve is automatically shifted, 
ant! the compressed air from the compressor is admitted to B , 
and the used air in A allowed to eseajx: to the atmosphere. 
These tondilions are illustrated in Fig. 8. When the water in 
B has been pumped, A has been tilled and the valve is again 
shitted, and I is emptied arid B filled with water, and so on. 

Ku*b chamber is provided with check inlet and discharge 
valves width oj tend e in the same manner as those of the single- 
i handier pump previously discussed. 
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In Figs, io and u are shown outside and sectional views of 
the Latta-Martin twin chamber displacement pump. This 
pump is also designed either for submergence in the liquid to be 
pumped or else connected by piping to an outside water head of 
sufficient height to,permit rapid filling of the chambers. 


Fig. io. — The Latta-Martin Pneumatic Displacement Pump. 


As shown, in each chamber there is provided a small copper 
float suspended on a pipe connected to the auxiliary valve 
above. Housed in suitable castings and mounted on top and 
across the chamber heads are two piston-controlling valves. 
The smaller one moves over ports connected with the main 
valve, and the arrangement is such that the small auxiliary 
valve (which is controlled by the float) controls the movements 
of the main valve which, in turn, controls the live-air supply. 
The operation of the pump is as follows: 

When the water level has been lowered in one tank to a point 
just above the discharge opening, the small copper float drops 
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by gravity a distance of about one quarter of an inch. The 
failing boat carries the lever to which it is attached, and a small 
port is opened into which enters some of the surrounding air 
held in the chamber. The air passes up through the float pipe 
and into passages in the valve casting above which lead to the 
end of the small auxiliary valve. The small auxiliary valve is 



thus shifted to the other end of its travel by the air pressure 
ami ports leading to the main valve are uncovered. This ad¬ 
mits air pressure to main valve. The main valve is now moved 
and a passageway connecting the live air supply and the pump 
t hatnber is opened. Live air b now admitted to the chamber 
that lias been tilled with water and the other chamber is ex¬ 
hausted of the used air. After emptying the second chamber the 
other is filled with water and the valve movement is reversed and 
soon, In Fig, u is a typical LattadVlartin pump installation, 
figure ij is a section of the Shone Pneumatic Sewage Ejector, 
As shown, it consists of an enclosed chamber provided with 
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Shone Pneumatic Sewage Ejector. 
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suitalik* sewage inlet and discharge connections, together with 
their cheek valves. Inside the dumber are two east iron bells 
linked together. The upper bell is connected to the automatic 
valve by a rod passing through a .stuffing box. The operation 
of this pump is as follows: 

When the level of the sewage has been lowered to the point 
shown in the illustration, the weight of the lower bell and 
its contents moves the valve and the live air is cut off and 
the exhaust opened. The inlet valve is then opened by the 
weight of the fluid column and inflow of sewage begun. When 
the level has reached the upper bell, air is enclosed and the level 
continues to rise around the bell until the buoyancy is sufficient 
to raise the haver bell with the rod and the air valve is shifted 
to its first position. This doses the exhaust port and admits 
compressed air, when the chamber contents are again pumped 
“»!. These ejectors are usually installed in pairs giving in 
eft'ei t a double t lumber unit, A typical installation is shown in 
Fig, 14. 

Advantages. The advantages claimed by displacement pump 
manufacturers are briefly the following: 

1. No dose tiffing or wearing surfaces in the chambers. 

j. No piston leakage, no mechanical friction and small clear¬ 
ance losses, 

,v No changes or adjustments necessary to adapt the pump 
to varying conditions or lifts, 

4. The ability of the pump to operate when submerged in the 

liquid and its facility for handling large percentages of 
solids and grit, 

5. l-arge capacities, 

0. Automatic control and the consequent impossibility of 
racing, and little attention necessary by the operator. 

Air Consumption, — The volume of compressed air necessary 
to operate a displacement pump, neglecting clearance, is equal 
to the volume of wafer to!«? pumped, or V « where V «* cubic 
feet of compressed air per minute and v *> cubic feet of water 
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delivered per minute, 
expression becomes 


Expressed in free air per minute, the 


IL v = Vl = L v (16) 

where P is equal to the pressure pumped against and Pi is equal 
to 14.7 pounds or the atmospheric pressure. 

There is a loss of about 10 per cent due to clearance in the 
pump and hence, in applying the above formula, correction to 
this amount should be made. The pressure P is found by 
dividing the total dynamic water head in feet by 2.31 and adding 
14.7 pounds. 

To illustrate the method of application of the formulae given, 
assume a set of conditions as follows: 

With a total dynamic head of 100 feet, how many cubic feet 
of free air per minute are necessary to lift 500 gallons of water 
per minute? 


Pressure = 


43.4 pounds gauge 


or 58.1 pounds absolute. 

Cubic feet of water per minute 

Substituting in formula: 

17-5.8 W tr 


260 cubic feet of free air per minute. 


To the air volume just found must be added 10 per cent to 
cover clearance losses, and to the pressure must be added the 
friction loss in the air line connecting the compressor and the 
pump. Also if piston-displacement volume is required to be 
found, a further correction of air volume is to be made for the 
volumetric efficiency of the compressor. 

Table 3 gives the cubic feet of free air per minute required to 
lift one gallon of water per minute against various pressures. 
The air volumes given are actual and a compressor capable of 
delivering the net amounts of air should be chosen. 
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Performance of a Displace¬ 
ment Pump. — Comparatively 
few dependable tests of the dis¬ 
placement pump have been made 
by disinterested engineers, and 
this may be accounted for by 
the fact that the system is so far 
superior to other methods of dis¬ 
tance pumping that exhaustive 
tests are not necessary to demon¬ 
strate the advantages. Then 
again, the system is new and 
competition of the few manu¬ 
facturers has not become suffi¬ 
ciently keen to necessitate duty 
guarantees and comparative 
tests. On the following pages 
are given the results of one test 
made by the writer on a dis¬ 
placement pump installed under 
rather severe conditions. These 
results with the explanatory re¬ 
marks will give a good idea of 
what may be expected from the 
system in the way of operating 
efficiency under similar condi¬ 
tions. 

General Remarks. —The 

source of water supply of the 
saw mill of the Louisiana Long 
Leaf Lumber Co. at Victoria, 
La., was a bayou located about 
a mile away from the engine 
room and log pond. Prior to 
1908, water was furnished by a 
direct-acting steam pump lo- 
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tiikrii Ir«m thr air * ylimirr with a kiibi*rlHon^rhoinHoii indicator 
littnl will* a 4o-'|H)imtt >j tritig, 

Computations. The frit linn loss in tin- air Hue was found by 
!'1>" •* gauge «n the air lino at tin* pump and subtracting this 

gauge reading from that of the receiver gauge. Both gauges 
were new and assumed to be accurate. 

The bastion loss in the water line was obtained by subtracting 
the tn tual measured statii head from the pressure head indicated 
by the gauge at the pump. This head difference included loss 
due to the resistante of the pump discharge valves and connec¬ 
tions The air horse power and volumetric efficiency were 
determined from the indicator diagrams in the usual manner. 
The water horse power was determined by multiplying the weight 
of wafer pumped jwr minute by the dynamic head ami dividing 
the tmx.hu t by tt.ooo. 
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cated, together with a donkey boiler, on the bayou bank. This 
installation necessitated not only a day and a night man in at¬ 
tendance at the pump house, but also kept a team busy hauling 
wood for the boiler. In 1908 an Ingersoll-Rand compressor and 
an Allison displacement pump was installed. Fig. 15 is a 
diagrammatic illustration of the completed installation. 

Equipment. — The machinery installed consisted of the 
following: 

1 6 in. by 6 in. by 6 in. Class R. C. steam-driven compressor: 

Maker.Ingersoll-Rand Company 

Rated speed in r.p.m.. 185 

Piston displacement per minute in cubic feet... 35 

Rated pressure in pounds.. 100 

1 No. 0 air receiver: 

Maker..Ingersoll-Rand Company 

Length in feet.'. 6 

Diameter in inches . 18 

The receiver was fitted with gauge, safety valve and blow-off 
valve and nipple. 


i Allison displacement pump: 

Maker.....Harris Air 

Diameters of cylinders in inches.. 18 

Length of cylinders in inches. 18 

Rated capacity in G.P.M. 25- 


Harris Air Pump Co. 


Figures 16 and 17 show the types of compressor and receiver 
used. 

The conditions under which the pump operated were the 
following: 

Length of water line in feet. 47 IO 

Diameter of water line in inches. 3 

Length of air line in feet. 4851 

Diameter of air line in inches. ! J 

Static pumping head in feet.. 113.7 

Method of Test Procedure.—A number of trial runs were 
made as is usual in tests of this kind. During each trial, readings 
were made of the receiver gauges, boiler gauge and thermometer. 
The compressor revolutions were counted and diagrams were 
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'Hie free air consumption in cubic feet per minute was com¬ 
puted by multiplying the cubic feet of piston displacement per 
minute by the volumetric efficiency. Corrections were made for 
intake temperature as read from 
the thermometer. The water 
pumped was measured by tim¬ 
ing the flow in a barrel of known 
cubical contents. This was easily 
and accurately accomplished ow¬ 
ing to the small quantity being 
handled. 

Results. — Table 4 is a log of 
results of the test together with 
the computations made there¬ 
from. The efficiencies obtained 
are quite low and show a wide 
variation with the theoretical. 

Disregarding clearance and leak¬ 
age and neglecting the air neces¬ 
sary to operate the controlling 
valve (which in this case was 
operated with live air), the the¬ 
oretical efficiency would amount Fig. 17.“Ingersoll-Rand Receiver, 
to approximately 35 per cent. The difference between the 
theoretical efficiency and the actual efficiency of the system 
found shows the waste of leakage and clearance and the power 
required to operate the controlling valve. 

The installation of the air equipment in place of the steam 
pump proved to be a wise move. The cost of the compressor 
pump * piping, installation and labor amounted to $1284.00. 
The old water line was used and the piping cost mentioned was 
the purchase and laying of the if-inch air line. With the com¬ 
pressor located in the engine room, and under the supervision of 
the regular operating force, and since the fuel cost was nothing, 
the operating expenses of the system were only the amount paid 
for oils, waste, packing, etc. The cost of operating the old steam 
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falls gradually on further head increase. Therefore, it is evident 
that to realize the highest cSlkieney, pumping in stages is neees- 
sary, and the more stages employed the higher will he the 
edit ieney. Mg. iy illustrates quite dearly the meaning of stage 
pumping. 

1 he number of stages to be employed depends largely upon 
haul conditions. It would have been unwise, for instance, to 
have installed several pumps at the Louisiana Long Leaf Lumber 


fm, 19 , 


(’*>.*» mil! because the quantity of water needed was small and 
the fuel cost nil. Other conditions limiting the number of 
stages arc first cost, interest, depredation and complications of 
the system. 

Still another consideration that must be taken into account 
is that, in stage pumping where the air is being furnished to all 

i... .......t.. 
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pump, including wages of attendants and hauling of fuel, averaged 
$110.00 per month. This is exclusive of the supplies, such as 
oil, waste, and packing. The saving realized by the pneumatic 
equipment amounts to $1310.00 per year, and, consequently, the 
system pays for itself each year of operation. 

While all conditions may not he quite so favorable as these 
to the installation of the displacement pump, still there are few 
instan ces of long-distance pumping where the displacement 



Dynamic Head in Feet 
Fig. 18. 

pump in some form will not show a high rate of interest on the 
amount of money so invested. 

Efficiency. —In Fig. 18 are plotted two efficiency curves. 
The ordinate represents efficiency in per cent, and the abscissa 
represents feet of lift. The dotted curve is theoretical pumping 
efficiency and the solid curve is the actual efficiency plotted from 
average data furnished by several manufacturers of the displace¬ 
ment pump and from tests made by the writer. 

An examination of these curves shows that the efficiency falls 
rapidly with increase of pumping head from 10 to xoo feet and 
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When the water has been forced from the cylinder of the dis¬ 
placement pump, the air volume remaining is allowed to escape 
into the atmosphere through the controlling valve. This air is 
at practically initial pressure and, consequently, the energy of 
expansion in the air is lost. If the exhaust from each chamber 
is piped back to the compressor intake, the entire system would 
be closed to the atmosphere, and the force of expansion in the 
air after displacement of the water in the pump chamber is 
exerted against the compressor piston on the suction side and 
thus assists in the compression of the air on the reverse side of 
the piston. This & the basic principle of the return-air system 
and, dearly, the operation is decidedly more economical than 
that of the plain displacement pumping systems. 

Principle. — Figs. 20 and n are diagrams of a return air 
system with submerged tanks. Referring to Fig. 20, // is the 
air cylinder of the compressor; J is an automatic compensating 
valve whose duty it is to replace any air that may from time to 
time be lost by leakage, absorption or in switch operation; P is 
the automatic switch which controls the live and exhaust air to 
and from the tanks; A' and B ' are the air pipes connecting the 
tanks and the switch; E is the water discharge pipe, which is 
connected by branch pipes to the tank riser pipes G\ and A 
and B are the tanks, each fitted with check inlet and discharge 
valves similar to the plain displacement pump. The operation 
is as follows: 

In the diagram, Fig. so, tank B lias just been emptied of water 
and the used air is being drawn into the compressor cylinder 
through the pipe B'. As the air is thus Infing drawn into the com¬ 
pressor cylinder, the tank B is filling through the check valve 
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care is used to divide the total head equally among the stages. 
A good rule to follow is to use one stage for each seventy-five 
feet of dynamic head. Under this head about 45 per cent 
efficiency can be looked for, and has been actually obtained in 
several instances. 

Design. — A properly designed mechanical installation of any 
sort is that combination of apparatus, the sum of whose operat¬ 
ing cost, interest and depreciation on the first cost, upkeep and 
complications is least for the conditions at hand. This applies 
everywhere, and to no appliances more fittingly than to pumping 
plants. The method to employ in designing a displacement 
pumping system is quite similar to that employed in the air-line 
design explained in a succeeding chapter. The operating cost 
plus interest and depreciation charges is estimated for single- and 
for multi-stage installations and the results are compared. That 
which shows the least cost, or, in other words, best over-all effi¬ 
ciency is the design to adopt. After deciding on the apparatus, 
the water and air lines are designed in accordance with principles 
given in a later chapter. 
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C 2' and at the same time live air is being forced through pipe 
A' into tank A, forcing the water out the discharge pipe E. 
When tank A has been emptied, tank B is full and the switch 
is automatically shifted and live air is admitted to tank B and 
the high-pressure air in tank A is returned to the compressor 
cylinder through the pipe A', and so on. 



The air as it is exhausted from each pump chamber expands 
back through the air line and switch into the air cylinder through 
the inlet valves and out of the compressor cylinder through the 
discharge valves. It continues on through the other end of the 
switch down the other air line into the other chamber which has 
been filled with water. The compressor is operating all the 
while, but doing no work other than overcoming the mechanical 
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end of the piston valve. The other end of the valve is exposed 
to atmospheric pressure, anti, consequently, t In* pressure differ 
enee on the ends shifts the valve. When the other tank is tilled, 
the cycle is repeated but reverse in action. Tin* valve may be 
adjusted to operate on any required vacuum; so that if it is 
necessary to operate with a suction lift to the tanks, a torre 
spondingly higher vacuum may be provided. In Fig. „>„« is an 
illustration of this switch. 

The mechanical switch is merely an appliance which is set to 
operate at a predetermined number of revolutions of the cum 
pressor. The required number of revolutions is determined by 
computing the volume of air necessary to completely discharge 
otic of the tanks, These computations can be made very 
accurately beforehand, but a cheek test is usually made after 
installation of the equipment. 

Compensating Valve. After I he system is m operation, there 
will he certain losses of air due to leakage through imperfec t 
joints in the piping, due to absorption of the air by the water, 
and a small volume of air is consumed in shifting the auto 
malic controlling valve. This lost air must be replaced by air 
from the atmosphere, otherwise the system in time will become 
inoperative. I he loss is replaced by a compensating valve 
tl'ig, jo) placed in the compressor suction pipe between the 
switc h and the air«ylimier. This valve is merely an atmospheric 
check which opens when the pressure in the pipe drops below 
the permissible vacuum. A globe valve is used in connection 
with the automatic valve, 'This globe valve is placed out 
side the compensating valve and is set adjusted that llie proper 
amount of free air may be admitted while the system is in 

operation, 

Starting. — When the return air plant is first started it is 
necessary to first charge the system with air drawn from tin* 
atmosphere. The first cycle of operation then is exactly the 
same* as that of the ordinary displacement pump previously 
discussed, and free air is drawn into the compressor cylinder 
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The chambers are not necessarily submerged because as the 
compressor continues to operate withdrawing air, a partial 
vacuum will be created in the air line and tank and water will 
be lifted by vacuum, filling the tank. 

Switch. — There are two types of switches that may be 
employed in connection with the'system, i.e., the automatic and 
the mechanical. The choice of any type depends upon the 


conditions. The automatic type is operated or thrown by the 
difference in air pressures inside and outside the system. The 
device consists merely of a piston valve and each throw corre¬ 
sponds to the fdling or emptying of one of the tanks. Referring 
to Fig. 20, the operation of the automatic switch is as follows: 
Equilibrium of pressures has been established throughout the 
system, and tank B has been filled with water by gravity. As 
the compressor continues to operate, a partial vacuum is created 
in the piping above the water level in the filled tank, and on one 
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through the compensating and globe valves. After the required 
pressure has been established throughout the system, the com¬ 
pensating valve doses automatically and the return-air principle 
begins. 

In Mgs. 23 and 24 are shown two views of a return-air sys- 
tem installed at the plant of the Holland Sugar Co. The 
capacity of this plant was 2,350,000 gallons of water per day of 
twenty-four hours and the lift. 70 feet. 

Proportioning. — Professor Klmo G. Harris m a discussion 
published in Volume I.IV of the American Society of Civil 
Engineers has prepared a mathematical analysis of the return- 
air system. This analysis is given in full on the following pages. 

Harris Theory. -* M With the development of this system of 
pumping, many problems have been presented for solution, some 
purely mechanical, while others require a mathematical analysis. 
'Fhe tatter have proved very interesting and Instructive. 

In the process of sin h analysis, it will !«* necessary to use the 
following symbols. Though the analysts may lie considered 
intricate, the final formula* are unexpectedly simple and easy 
of application. 

"Let /’„ - Delivery pressure — a constant —in pounds per 
square inch; 

/’, - Pressure throughout the system immediately after 
switching; 

f\ - Pressure of air entering compressor a variable; 

E - Volume of one pump tank a constant in 
cubic feet; 

E ( - Volume of air in delivering tank at pressure /’„ 
a variable; 

«E «* Volume of one air pipe; 

pi - Pressure at which water begins to enter tank from 
which air is being exhausted; 

p, *» Lowest pressure mu hed (this occurs just before 
su ite lung); 

" Effective volume, intake of compressor, in cubic 
feet per second; 
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“ Hence, 

1 \.V (i -I- n) + pjiV - f\V (i + n) + P 0 (V„ + nV) (x8) 


P 

To simplify, put p a « a ami equation (18) reduces to 
***« 

p„ rfi + H) 




v„ 


(19) 


1 Substitute equation (ly) in equation (17), and 


V(t +«)• 


“ Integrating between the limits, V„ - and V v ~ o, there 
results: 


V - r ( t + n) log. 


■(' !il 


r (' v 'k) 


Vt 


(20) 


" I-i’t l’i represent the volume of air in the delivery, or high- 
pressure tank, when water logins to enter the other; that is, 
when the pressure in the other tank has dropped to p x ; this 
marks a change in the operation; sec Fig. 35. just' at this period 
there must Ik* enough air, at the pressure /;, in the volume 
1 * (i f «}, to till the space V - I*,, at the pressure />„, in the 
other tank, and its own air pipe at the pressure p„. Hence the 
equation; 

piV(t+ n )-P.(V-V t )+p.nV (n) 

or Pi m V\P„ — pi -p n (p u — pi)\ 

" Now,« is a fraction, and p.mti pi are small and nearly equal, 
in practice; hence n (p„ - pi) can be neglected. Then: 

V\ - ™ U\ - pi) 


(22) 
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q w = Average water delivery, in cubic feet per second; 

Q = Total volume taken into compressor, while work¬ 
ing pressure down from Pi to pi, or approxi¬ 
mately P a to pi in any case and approximately 
P 0 to p 0 when tanks are near surface of water 
supply; 

p 

R„ = ratio —; 

po 

Ri — ratio —• 
pi 

“All pressures are ‘absolute,’ that is, gauge pressure + 14.7 
pounds. 

“ Compressor Capacity (= q a ). —The first problem is to find 
the necessary intake capacity of the compressor. In this, fortu¬ 
nately, the problems of work and temperature inside the com¬ 
pressor need not be considered, and, therefore, in the analysis, 
the temperature of the air may be considered as constant, though 
it will be necessary, finally, to apply a coefficient to provide for 
the effect of expansion due to the heating of the air as it passes 
through the hot intake valves. 

“ Assume that a small volume dQ of air at the pressure P x is 
taken out of the exhausting tank and forced into the delivery 
tank, where the pressure is P 0 , and its volume is dV v , then, by 
the law that the pressure multiplied by the volume is constant: 

P x dQ = P 0 dV v ; or dQ = dV y (17) 

•* X 

“ Also, by the same law, the sum of the product of the pressure 
multiplied by the volume must be constant, since the quantity 
(or mass) of air in the system does not change. When one tank 
is full of water, and its air pipe is full of air at the pressure, p a , 
the other tank and air pipe must be full of air at the pressure, P a - 
Under this condition, the sum of the products is 
P a V (1 +n) + p 0 Vn 

At any other time the sum of the product is 
P X V (1 +n) + Po (V v + nV) 
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“ Putting equation (->.*) in equation (20), there results 


i\. - />, j 

P»+npJ 


“ Now, as before stated, >tp„ will he quite small, as compared 
with and it can be neglected, if desired, to simplify the 
formula*. Equation („>j) would then become 

Q - V{i + «)!»«.■■■* (33) 

“This gives a simple formula for (>, the volume taken into the 
compressor while mint mg tin* pressure from /», to (in ;l tank 
full of air). To he precise, it should now Ik* noticed that the 
operation begins proja-rly with a pressure t\ somewhat less 
than This is due to the expansion into the low-pressure 
pijK*s just after swit* lung. This pressure !\ can he found readily 
by the condition of the constancy of the sums of the products of 
the volumes by the pressures. Thus, equating the sums just 
before and after switt lung, there results 

/*i (t t 3 n) •» l\V (1 + «) 4 * p»nV 
or 

/», m PJt + "' + »A . , 

t tin (J4) 

Pi, thus found, would Ik* put in place of l\ in equation (33). 

"The effect of friction in the air pipe between the tank and 
the compressor must now lie considered. 

" When the pressure of the intake of the compressor is P„ that 
in the tank from which the air is drawn will be greater by the 


Q ~ V(i + n) log. 


I HH 


, i n J *« ~ h 

' + K.~ 


V(i 


+ H)l»g, |- 


P 

putting y m place of R a 
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“ Putting equation in equation (20), there results 

" j + « 

(> - V U + n) log. - ik - 


V (1 + «) log 


' ) 


P„, 


putting ? in place of R„ 


“Xtnv, as before state*!, «/>„ will be quite small, as compared 
with /and it tan be heglec ted, if desired, to simplify the 
formula-. Equation (n) would then become 


(» - I'd I «) log. !>u 

h 




“ This gives a simple formula for (>. the volume taken into the 
compressor while miming the pressure from /*. to /#, tin a tank 
full of air), To be precise, it should now be noticed that the 
ojM*ration begins properly with a pressure /’, somewhat less 
than This is due to the expansion into the low-pressure 
pijies just after switching, This pressure /',«an be found readily 
by the condition of the constancy of the sums of the prodtn is of 
the volumes by the pressures Thus, equating the sums just 
before and after switc lung, there results 

i*i (E 4 3 «) *** P.V (1 4 n) 4 p,nV 


or 


/», - /, f * 4 »> * »N 

1 4 i n 


(24) 


/’)■ fl»'s found, would lie put in place of t\ in equation (ji). 

"The effect of friction in the air pijre 1 at ween the tank and 
the compressor must now In* considered 

\\ hen the pressure of the intake of the compressor is /*„ that 
in the tank from which the air is drawn will be greater by the 
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a cubic foot of water Hows in. Hence, evidently, the time con¬ 
sumed in this last period of the cycle is 


and the total time. 


1 ft + «) (r + ft) log^~ 
'/•■ pi 


If </». is the average rate of delivery of the water, evidently 


IllllSSl SiBIlSI 


■ 




whence 


1 I* (1 (- h) ( 1 }* k) log 


which is the desired equation. 

" in practice ft should not exceed 0.1, and will usually he less. 
If great precision is to he attempted, equation (26) must he 
solved by a tentative process, for k is a function of q a . k may he 
first assumed as 0.1. to get an approximate value of </„, whence 
v in tentative process, for k is a function of q„. k may be first, 
assumed as 0.1. to get an approximate value of </„, whence f in 
equation (25), and a closer value of k. This will be sufficiently 
close for practice. 

“ If is probably useless to attempt extreme precision in these 
computations, on account of temperature t Images which cannot 
be formulated. Herne, as a safe and simple working formula, 
the following may be used: 


i f i.i (1 + 


«) logq*" 

PJ 


p„ will commonly be near atmospheric pressure (or 15), that is, 
when the tanks are near the surface of the water, but it may be 
greater or less, according to whether the tanks are submerged or 
placed above the water, fits; wit ion of equation (26) reveals the 
fact, that the greater /*.. is, the less wall Ik* For this reason 
there is an advantage in having the tanks submerged. 




46 


PUMPING BY COM!'Ki:ssi,J» air 


amount lost in friction while passing through the pipe. Tin- 

equation for this loss is, in form, 

/ •* c[v-R 
J d 

where c is an experimental cwflkient. From the best ex peri 
mental data obtainable, it is found to U* aUmt o.wxxx/.-, when 

/ = lost pressure, in pounds per square im h; 
l = length of piiH'. in feet ; 
d = diameter of pipe, in inches 
v = velocity of air in pipe. in feet jn-r wom.1; 

R = ratio of compression, in atmospheres 

In many rules for computing the loss by friction, the factor R 

/• 

is erroneously omitted. In this case* R - and. therefore, is 

variable, but in any installation ail arc constant in the formula 
except P t . Then, for sunplictty, let 

——r » i Us l 

14.70 

“Then the lost pressure would I* k!\ and, in u (iK), 

p t (1 + k) should Ur put ill pine of but this will in no 
way change the proem by which equation tjy> is derived, 
With this change equation (ayI become* 

/* 

O m r (1 + M) X ( I ft* log 

h 

“If the compressor takers in a volume, q. j*-r second, the time 
consumed in working the pressure down from f\ to is 

C V P 

m (i f ») (l 4 ** l«*g ‘ 


“During the remainder of the time in one cycle, the water is 

flowing 
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Evidently, if the air is heated by contact with hot surfaces 
while entering the compressor, the effective intake capacity is 
reduced. To allow for this circumstance, q a , as above computed, 

should be multiplied by —, where n and r 2 are the absolute tem- 

71 

peratures before and after entering the compressor, respectively. 

“ Maximum Rate of Work. — The compressor capacity having 
been determined, the next problem in the design of a plant is to 
find the maximum rate of work for which provision must be made 
in the steam end of the compressor. The nature of this problem 
can best be presented by first studying the case of isothermal 
compression. In this the well-known formula for work, using 
the symbols heretofore applied, is 

p 

Work per second = P x q a X log yf- (27) 

X 

“ In this, P x is variable, and, evidently, the work will be o 
when P x = o, and again, when P x = P 0 (since log x = o), and, 
by the method of calculus, it is found to be a maximum when 

P P 

log~ = 1; that is, when = 2.72. 

«* X * 

“ Note that hyperbolic logarithms must be used in all the fore¬ 
going equations as they appear. If common logarithms are to 
be used, multiply by 2.3. 

“ Inserting the condition for a maximum in equation (27) and 
reducing to foot pounds per second, there results 

Maximum work = 52.9 P 0 q a 

“ A curve showing the work by equation (27) is given in Fig. 
25. In practice the curve does not reach zero at either end. 

“ To find the maximum work when temperature changes are 
considered, one must start with the established formula for work 
when compression is adiabatic, viz.: 
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where n is the ‘temperature exponent’ ami equals 1.41 when no 

cooling oeeurs. 

" By the methods of the ealettlus equation i’S) will be found to 


he the maximum when 


«; or when /’, 


This, inserted in equation (•& 1, gives 

p 

Maximum work 7" 


When it 1 41 maximum work (,3. \ foot pounds per second. 
When tt i..’s maximum work s«j.o foot pounds per seeoml. 
When n 1 ,00 maximum work 54,9 Pj/„ foot pounds per second, 

tlie last number {taxing been derived by analysis of equation (,17), 
“ As a simple approximate rule, the maximum horse power rate 

may be taken as 0,1 Pj/„, 

" 1 his maximum rate should not lie confused with the average, 
" Efficiency. The only loss of energy chargeable to this sys¬ 
tem is that caused by the drop in pressure due to expansion into 
the low pressure pipe just after switching. This drop is shown 
in equation 1 1.\) ( he ratio of this 1 hange of pressure is 

. __ » t it 

f,% 1 t tt t ! ':>t 


1 hr necessary work to restore this pressure is 
I’J f 1 f « j 1 012 r 


for simplii if 3 


while the useful work done iluriug a eyilem (/’. - 14. t\ that 
is. the water displaced multiplied by the gauge pressure, Heme 

. *.■ (/*. - 14 .?) V 


Ella iem y - ii ~ 


*4 ?» T 1 /‘.Hi h tt t log r 


J*. ™ 147 


f «.) log r 
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Losses due to heat and friction are not included. It should be 
noticed that this loss is dependent on n. Its amount is illus¬ 
trated by the following: E changes but little with other values 
of P 0 and p 0 - 

P 0 = ioo ( n = o. i 0.2 0.4 0.6 0.8 x.o 
p„ = 14.7( E = 0.91 0.85 0.74 0.66 0.60 0.55 


“ Friction Losses. — In the operation of a plant the velocity in 
the intake pipe will be constant but the pressure variable, while, 
in the discharge air pipe, the pressure will be constant and the 
velocity variable. According to equation (25), the loss in the 
intake is, in pounds per square inch, 


0.000002 l_ 
14.7 d 


V'-P x = kP x -f t 


(3 1 ) 


and the loss due to the same air passing through the discharge 
pipe at the pressure P„ is 


-J~ x vYp 0 = 

14.7 d\P 0 / P 0 R x 


(32) 


To find the friction losses at intervals in the cycle, or to show 
such by a curve, assume convenient intervals of time (5 or xo 
seconds) which indicate by 4. Then 

P 

v (x + n) (1 + k) log- 1 

^ _ XX — __ - 

q a A 


Whence, adapting to common logarithms, 

login Px — logic Pi ~ (-J. 4. (°' 4 34) (33) 


Thus, tabulate P x corresponding to 4 and apply the slide-rule to 
get the friction losses from equations (31) and (32). 

At any time the rate of water discharge will be 
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“This can be tabulated with the other quantities, ami the 
flit. t ion loss in the water |>ij h* worketi out accordingly by well- 
known formula*. < urves worked out by the foregoing methods 
are shown in Fig. 25." 

Based tin Prof. Harris formula, Table 5 has been prepared by 
Mr - H * y* Abrams and included in a lecture delivered before the 
Junior Class of Columbia University, 
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Efficiency. — The Ingersoll-Rand Co., manufacturers of the 
return-air system, state in their catalogue, No. 75, that the effi¬ 
ciency averages about 55 per cent and, even under unfavorable 
conditions, the efficiency has never fallen below 40 per cent. This 
efficiency is computed by dividing the water horse power by the 
indicated horse power in the steam cylinder of the compressor, 
and, consequently, all losses of transmission, compression, etc., 
are included. 

Performance of a Return-air System.—Like the plain dis¬ 
placement pumping system, the return-air system has been 
seldom carefully tested, and, consequently, comparatively little is 
known of the everyday performance of the system in-so-far as 
working economy and over-all efficiency are concerned. This 
is unfortunate because the field open to apparatus of this kind 
is almost unlimited and the efficiency and practical advantages 
would seem to entitle it to a broader exploitation. 

Undoubtedly the most accurate and carefully conducted test of 
return-air system was made by Mr. Arthur H. D iaman t, C.E., 
and published in Vol. LIV of the “Transactions of the American 
Society of Civil Engineers.” The machinery was fur nish ed by 
the Pneumatic Engineering Co., and installed in Shaft No. 25 
of the Croton Aqueduct. Mr. Diamant’s description of the 
plant, the difficulties attending its installation and the method 
of testing with the tabulated results are well worth repeating 
here. The following is Mr. Deamant’s paper, and is entitled 
“The Installation of a Pneumatic Pumping Plant.” 

THE INSTALLATION OF A PNEUMATIC PUMPING 

PLANT* 

“Before proceeding with the description of the pumping plant, 
which is to be used in case of emergency only, the writer deems 
it advisable to give a brief statement as to the necessity for its 
installation. 

As is generally known, the City of New York receives its water 
* Presented at the meeting of September 7/1904. 
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supply through the New 
Croton Aqueduct, which 
begins ;it the inlet gate¬ 
house, near the Old Cro¬ 
ton Dam, Croton Lake, 
and, after reaching Shaft 
No. 24, on the Bronx side 
of Washington Bridge and 
near it, passes under the 
Harlem River to Shaft 
No. 25 and thence tit the 
terminal gate-house at 
One Hundred and Thirty- 
I’dth Street, near Amster¬ 
dam Avenue. 

“ Provision lias been 
made for emptying the 
aqueduct whenever nec¬ 
essary. The inlet gates 
at Croton Lake can be 
closed, thus preventing 
water from entering the 
aqueduct. To empty that 
portion between Croton 
Lake and Washington 
Bridge, there are blow off 
gates at Shaft No. q, 
Pocantico; at Shaft No. 
14, Ardsley; at Shaft No. 
iK,South Yonkers; and at 
Shaft No. 24, near Wash- 
ington Bridge. There 
are also blow-off pijnrs on 
it we 

the termh 
0 that t 




J ES’U 
■•+**•*■•* I; k 



: 










54 


PUMPING BY COMPRESSED AIR 


aqueduct can be made to empty itself, with the exception of 
that portion constituting the Harlem River crossing or siphon, 
Fig. 26. This siphon is emptied by Shaft No. 25, the pump- 
shaft. 

“Shaft No. 25 (see Fig. 27) is really a double shaft, the north¬ 
erly one being the aqueduct-shaft, and the southerly one the 
pump-shaft. 

“The aqueduct-shaft is 12.25 feet in diameter, and, at a point 
about 10 feet above high water, the aqueduct continues on its 
way to the terminal gate-house. The pump-shaft, also 12.25 
feet in diameter, is completely lined with iron, and contains a 
sump extending 21.75 feet below the bottom of the siphon tunnel. 
An opening, 1 foot 8 inches by 2 feet 6 inches, and 3 feet below 
the invert of the tunnel, regulated by a gate, admits the water 
into the pump-shaft. This gate, being 417 feet below the top 
of the shaft, is of composition metal, moving in solid composition 
grooves, and is designed so that no obstructions can accumulate 
in the frame. It is raised by a square stem, 3.5 by 3.5 inches, 
guided every 12 feet, and contained in a 3-foot pipe built in the 
masonry. This pipe also contains a ladder reaching from the 
top (Elevation 84.5) to the bottom (Elevation 312.75). A plan 
of the connection is shown in the ‘ Section through AB 7 Plate I. 
As each shaft is under the hydraulic grade, it can be closed by 
a double set of manholes with covers. For the purpose of blow¬ 
ing off the water, each shaft is connected with a 48-inch cast- 
iron pipe, with two gates, and discharging into the river. 

“Over the pump-shaft was erected a bucket-hoist, com¬ 
posed of two alternating buckets, each of 1390 gallons capacity. 
These were raised and lowered by a horizontal steam engine 
capable of emptying each in 0.5 minute. Fig. 28, prepared 
by Mr. F. S. Cook, Engineer in Charge of the Draughting Bureau 
of the Aqueduct Commissioners, shows the volumes of water to 
be lifted in emptying the siphon. With this plant, it would have 
taken from 15 to 18 hours to accomplish this task, provided the 
engines could have continued at the aforesaid rate. As shutting 
down the aqueduct would entail serious inconveniences, the 
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and a penalty for each hour longer. 

“This system, briefly described, consists of a 37 by 
Comstock compressor, twin-connected; the steam engine, 34 by 


present water consumption being nln»ut -V 1 ooo.ooo ga 
day, the Aqueduct Commissioners divined it necessary 
a pumping plant which could emjity the siplnm in t: 
less, as every hour gaineii would In- of maleri.it ad 
Accordingly, bids were received for such a plant, and the 
was awarded to the Pneumatic Engineering Company. 
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48'ineh, being the improved horizontal type, with Corliss valves. 
Free air, bring compressed, passes through coolers, through a 
switc h apparatus, down pipes into four water tanks working in 
pairs at the bottom of the pump-shaft. An auxiliary compressor 
supplies the necessary air for running the plant with the greatest 
etbciemy. (See Plate II.) 'Hie system is described more fully 
in the latter part of this paper. 

1 he installation was attended with peculiar difficulties, 
beaks have developed in the pump-shaft, since its construction, 
keeping it full of water up to the blow off pipe. Weir measure¬ 
ment s taken in this pijn* show a leakage of about 200 gallons per 
minute. As there was no way of emptying the shaft and keeping 
it empty, all work had to be done on an erecting platform built 
near the* blow off pipe. A 5 inch ejector kept the water about 
15 feet below the platform. 

“As before staled, the shaft is below the hydraulic grade. If 
the gate between the aijueduct-shaft and the pump shaft were 
to be ■•pelted, and the blow oil gates dosed, it would be necessary 
to put on the covers of the manholes in the diaphragms. For 
this reason, the air pipes leading down to the four water tanks 
(we Hate li could not pans through the manhole ojwnings, but 
had to pass through four holes bored through the brickwork and 
iron lining of the two diaphragms, As seen in the drawing, these 
diaphragms are each aland 0 feet thick, with a space of f»,y feet 
between them, The Rand Drill Company’s Davis Calyx drill 
was used in making the four holes, each 0 inches in diameter, 
steel shot being used for the cutting surface. Cores, from a to 4 
fret long, were taken out, sinewing the efficiency of drills of this 
style. 

"For the purpose of lining these holes, and making them con¬ 
tinuous between diaphragms, a 6.75 inch cast-iron pipe, with a 
flange at one end, was placed in each hole of the upper diaphragm, 
the llange resting on its upper side. A similar pipe was plat ed 
in e,uh ln<le of the lower diaphragm, the flange being bolted to 
the iron lining of the underside thereof. A short length of pipe, 
of the same inside diameter and with a hub on each end, eon- 




58 PUMPING BY COMPRESSED AIR 


nected the two pipes of each hole. Perfectly tight joints were 
made with lead. The utmost care had to be taken in pouring 
the lead as there was a great deal of moisture in the space between 
the diaphragms. 

“While these holes were being drilled, the old bucket-hoist 
engines were taken apart and removed, the buckets having been 
taken out of the shaft previously. The old brick foundations 
also had to be cut away to make place for the new ones. The 
new foundations, both for the compressor and the steam engine, 
are each 9 feet high, 8 feet wide and 32.5 feet long. They are 
composed of a 1: 3: 5 concrete mass finished with a i-foot granite 
coping stone over the entire top. The foundation of the a uxiliar y 
compressor is also of concrete, with granite coping stones. 

“The different parts of the system having arrived, the first 
pair of tanks was taken into the engine-house and placed in 
proper position near the top of the shaft at Elevation 84.5. The 
second pair was then placed also. These tanks are 17.5 feet 
high and have an inside diameter of 4 feet 2 inches. A cage, 
operated by a small Otis steam engine, carried the men from the 
top of the shaft down to the blow-off at Elevation 5.17. This 
cage could be shifted to pass through the north or south opening 
as necessity required. With the four tanks, a clearance for the 
elevator cage, a 36-inch water main and gate, and the lifting 
machinery for the connecting gate between the aqueduct- and 
pump-shafts, there was very little room to spare. 

“Fig. 29 is a front view of the tanks and fittings assembled at 
Elevation 84.5, before being taken apart to be lowered to the 
erecting platform. The photograph shows one pair of tanks , 
the manner in which they are connected, the intake pipe with the 
10-inch check-valves admitting water into the tanks , the 14- 
discharge pipes with 10-inch check-valves opening outward, 
5-inch air pipes, and the I-beams and hangers for lowering 
tanks. The discharge pipe passes into each tank within 
6 inches of the bottom, a cone at this point guiding the 
the tank into the discharge pipe (see Plate I). Near 
the inlet pipe is a cast-iron groove which is to slide 
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along the old bucket-guides in the shaft, 
this are on the plates connecting the tanks 
also on the plates in the back of the tank 
hangers to which the wire cables of the lo\ 
attached can be seen near the extreme ton , 


On top of the Y* connecting the discharge pipes of the two 
tanks, a T was placed, to which, by means of an elbow, an tyr 
chamber was fastened to prevent water ram. A f-inch pipe, 
with a check-valve, leads from this elbow to the top of the shaft, 
Wmg used to charge the air chamber. At this point, also, the 
discharge pipe and the two air .aims® mm ...:4k 
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joints, so that, even if the tanks did not rest perfectly level on 
the bottom, the pipes could be carried up vertically, by means 
of these joints, which were perfectly tight. 

"The 14-inch discharge pipes are rolled-steel tubes with cast- 
steel flanges. These were shrunk on the tubes, and the ends of 
the latter were upset. The pipes were delivered in this condi¬ 
tion, but, as the upset ends projected from i to § inch beyond 
the faces of the flanges, this part had to be removed, otherwise 
no tight joints could have been made. To return the pipes to 
the foundry would have caused the loss of too much time, there¬ 
fore a lathe was rigged up outside of the engine-room. Sand 
was strewn over the space to be used, some iron-grating floor- 
plates from the shaft-house were embedded in the sand, and 
several pieces of the coping stone of the old engine foundation 
were placed on top of the plates. Two 15-inch I-beams, 20 feet 
long, with a space of about 4 inches between them, were laid on 
top of the stones and fastened firmly by steel rods passing down 
to the grating plates. The I-beams were leveled carefully, and 
the 14-inch pipes, being laid on top, were thus also level. The 
pipes were held fast by a V-shaped clamp at each end. A chuck 
holding the cutting tool was geared to a shaft which was revolved 
by being belted to a small vertical steam engine. The tool was 
fed automatically into the flange to be faced by means of a star 
wheel which, at each revolution of the chuck, would strike one 
of its prongs against a projecting board, thus causing the tool to 
cut deeper. This apparatus proved to be very efficient, as the 
faces of the flanges were made absolutely at right angles to the 
axis of the pipe, thus ensuring a perfectly straight column when 
the lengths were bolted together. There were thirty-two pieces 
to be faced on each end, and the entire work was completed in 
11 days. 

“While this was being done, men were engaged in placing an 
erecting platform, just below the blow-off. This consisted of 
brackets fastened to the east and west sides of the shafts with 
bolts let into the iron lining. On these brackets was placed a 
15-inch I-beam, which was bolted down. Resting upon this 
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beam, and also upon brackets fastened to the north and south 
sides of the shaft, were placed u-inch timbers, over which a \- 
inch plank flooring was fastened. All drilling for stud-bolts was 
done with a pneumatic drill, the air being supplied by a small 
Kami Drill Company’s compressor on top of the shaft. 

“Just before the erecting platform was completed, there 
occurred the only accident during the entire installation, For¬ 
tunately, this was attended with no serious results. In order to 
lower the tanks, it was necessary to remove the catch-basin into 
which the buckets of the old system discharged. The bottom 
plate is shape* 1 like a segment of a circle, with a chord of j i feet 
6 inches, and a rise of j feet to inches, the radius of the arc being 
6 feet 1 1 inches. The weight of the plate was about 3000 pounds. 

I wo 8 by 13 -inch holes had been cut into it some yearn ago. 
Two workmen were on top of the plate passing a chain through 
one of the holes, when it slipped from its Iwurings, tipped over, 
ami dropped to the bottom, a distance of 333 feet. The men 
were thrown into the water, but, with the exception of some 
bruises, were not Injured seriously* 

“Before lowering the tanks, this plate had to be recovered. 
Accordingly, the writer, with an assistant, sounded every foot 
of the bottom of the shaft with a steel tape and lead weight, ami 
was fortunate enough to locate one of the 8 by ta-inch holes. 
A chain with a hook at the end was fastened to the elevator cable, 
lowered to the bottom, and guided from the erecting platform 
by a ribbon tape. The hole, located by previous soundin gs , was 
again found, and, after two or three trials, the plate was hoisted 
to the surface. A small comer broken off was the only damage 
the plate sustained. 

“As 








first lowered to the top of the first diaphragm with a block and 
fall. The elevator cable was then attached and the tank was 


exactness that it passed through the manhole wii 
although there was only about f inch clearance. 
Y’s, and other parts having been lowered, the lirsi 


a stroke of about at feet 
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of 150 pounds, as were also the tanks and valves before lowering, 
to insure perfect tightness of all joints. The load was now raised 
slightly, the damps removed, and the tanks lowered 20 feet. 
The procedure being the same, the tanks were lowered another 
20 feet, this time, however, the clamps rested on the I-beams of 
the lower A-frames.. The three 20-foot lengths of cable were 
now taken out and replaced by a 6o-foot length, and the cycle 
again started. In this manner the first pair of tanks was safely 
lowered to the bottom of the shaft, a depth of 332 feet. Pipe- 
guides or stays were fastened to the pipes every 60 feet, the ends 
of the stays sliding along the old bucket-guides. The total 
weight lowered was estimated at about 40 tons. The elevator 
cage was now shifted to the other side of the shaft, as was also 
the hydraulic lift, and the second pair of tanks was lowered in 
the same manner as the first. All parts before going down were 
painted both outside and inside with two coats of ‘Nobrac’ paint. 

“The top of the discharge pipe of the second pair of tanks was 
about 4 inches above that of the first pair. Short lengths of 
discharge pipe added to each brought them to the same level. 
To this discharge pipe was added a T-piece. A Y connected the 
T-pieces, and a 20-inch goose-neck of galvanized-iron pipe was 
bolted to the Y • This pipe discharged into a catch-basin at the 
entrance of the blow-off, the bottom plate being the same one 
that fell to the bottom of the shaft, the sides being smaller than 
those of the old one. Cover-plates were bolted to the top of the 
two T-pieces. The four 5-inch air-pipes were now carried up to 
Elevation 84.5. Glands, through which these pipes passed, were 
bolted to the flanges of the iron lining of the holes through the 
upper diaphragm, so that, if the covers of the manholes were put 
on, the water could not pass between the air-pipes and the lining 
of the holes. When the shaft was built, a 4-inch pipe from the 
bottom of the lower diaphragm to a point x or 2 feet above the 
hydraulic grade served as an air-vent when the manhole covers 
were on. This pipe had been removed, above the upper dia¬ 
phragm, and the two f-inch pipes were carried through this 4-inch 
opening to the top. This 4-inch pipe was afterward replaced. 
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“At Elevation 84.5 the four 5-inch air-pipes were connected 
with two manifolds, and from each of the manifolds an 8-inch 
air-pipe led to the switch. By means of these manifolds, any two 
tanks C ould be cut out of service and the pumping done with the 
other two. (See elevation of general plan, on Plate II.) The 
two f-inch pipes from the air chambers were connected by a Y, 
and led to the 8-inch air-pipe from the after-coolers to the switch. 
A f-inch pipe from the same point, with a pin-valve to allow 
air to leak into it, was hung down into the shaft, within 6 feet 
of the bottom, passing through the 4-inch opening through the 
diaphragms. This shows the pumping level and the pressure due 
to the head of water in the shaft. An 8-inch pipe carries the 
return air from the switch to the compressor on the side opposite 

the free-air valve. _ 

“The switch consists of a plunger, with a stroke of 6§ inches, 

operated by a piston moving in a smaller cylinder. The air is 
introduced into this smaller cylinder by a valve which depends 
for its action on a piston in a small cylinder, which, in turn, is 
caused to move by the action of a disc-valve.. (See Fig. 30.) 
The disc or diaphragm is 6 inches in diameter, with a movement 
of inch, and consists of two thin sheets of bronze and one sheet 
of steel. A f-inch pipe conveys the return air from a point near 
the top of the cylinder of the plunger to one side of the disc-valve 
and the f-inch pipe, which shows the pumping level and pressure 
due to the head of water, leads to the other side of this valve. 
This latter f-inch pipe, connected with the 8-inch pipe from the 
after-coolers to the switch, receives air through a pin-valve, and 
is also piped to a gauge on the gauge-board, so that the pumping 
level and the pressure due to the head of the water can be seen 
at a glance. A small reservoir on this line gives a constant sup¬ 
ply of air. The small, return air-pipe is also piped to a gauge, 
showing the return pressures. The difference between the 
pressure due to the head of the water in the shaft, which for the 
same levels is constant, and the return pressure (which is varying 
constantly, and drops to zero when the switch acts), causes the 
disc-valve to move. As the operation of tke switch requires 
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an air pressure of only about 50 to 60 pounds per square inch, a 
f-inch pipe from the 8-inch compressed-air pipe conveys the air 
through a reducing valve to the cylinder on top of the plunger, 
and to the piston of the small cylinder operated by the disc-valve. 
A reservoir on this line also ensures constant pressure. This 


f inch pipe also trails to a dial on the gauge-board, show 
pressures required to operate the switch. The disc-valve r 
due to the difference between the pressure caused by tl 
of the water in the shaft amt the return pressure, allow! 
enter the small cylinder above it, the piston moves, tin 
controlled by this piston motion allows air to enter al 
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below the piston in the cylinder above the plunger, the plunger 
acts and the air is sent alternately from one 8-inch air-pipe into 
the other, one of these 8-inch pipes always serving to return the 
air through the switch to the compressor. (See Plate II.) Pro¬ 
vision is also made for operating the actuating valve by hand. 

“The auxiliary compressor was set up, the large compressor 
and engine were adjusted, the piping was completed between the 
a uxiliar y compressor, the large compressor, the switch after¬ 
coolers, and the receiver, and the plant was ready for operation. 
Before pumping, all joints were tested as to tightness. 

“The action of the plant is as follows: The large compressor is 
first started; the exhaust valve 'being closed, it requires about 
312 revolutions of the fly-wheel to charge the system, the free 
air being compressed to 150 pounds per square inch. The free- 
air valve is now closed and the switch thrown over by hand. The 
compressed air passes from the compressor through the two after¬ 
coolers, into a receiver supplied with a safety valve, and also 
through the switch through one of the 8-inch pipes, through its 
manifold into the 5-inch air-pipes and into one pair of tanks. 
The air entering this pair of tanks forces the water through the 
discharge pipes and empties the tanks. As soon as this occurs, 
the return pressure from the other pair of tanks being less than 
the pressure due to the head of the water in the shaft, the actua¬ 
ting valve of the switch acts, the plunger moves, compressed air 
enters these tanks, while the air from the other pair is returning 
through the switch into the compressor to be used over again, 
and so on. A cycle consists of the number of revolutions of the 
fly-wheel necessary for the compressor to empty one pair of 
tanks to the point of starting to empty the other pair. The 
number of revolutions per cycle varies for different pumping 
levels, but is constant for the same level. If there are too many 
revolutions in charging the machine, or if there are too many 
revolutions per cycle, the air follows the water through the dis¬ 
charge pipes, and thus the system loses the air, necessitating the 
opening of the free-air valve of the compressor and recharging. 
After the plant has been working, a certain amount of air is lost, 
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and in order to keep up the proper number of revolutions per 
cycle the auxiliary compressor is started, and furnishes the air to 
keep the system working efficiently. 

Before the final test, many trials were run. Indicator dia¬ 
grams of the Corliss engine -were taken, and adjustments were 
made. The goose-neck discharge pipe was removed, and a 20- 
mch Gem meter placed in its stead. The cover-plates were 
taken off the T’s, and a 20-foot length of 14-inch galvanized-iron 
pipe was added to each, so that no air would pass through the 
meter, but would escape through these pipes. (See Plate II.) 
Many over charges took place before the proper number of revo- 
lutions per cycle for different pumping levels was determined. 

The 20-inch Gem meter consists of a system of helicoids 
formed around a vertical central hub, revolving in a cylinder 
slightly greater in length, and having a diameter just large enough 
to receive it. A screen at the lower end of this cylinder serves 
to keep large objects from entering the meter. The axle of the 
hub is geared to the meter register, which contains six figures 
and reads thousands of gallons. 

. As . it was necessar y t0 test the accuracy of this meter, before 

” Sm f ^ S/S 6 ™! 116 the efficienc y of the pneumatic pumping 
plant, F. W. Watkins, M. Am. Soc. C. E., Division Engineer of 
e Aqueduct Commissioner’s Engineering Department, assisted 
by the writer, made a test of the meter at the testing plant of 
the National Meter Company, in South Brooklyn. 

‘The test consisted of a comparison of the meter register 
records with weir measurements of the same volume of water. 

I he water to be measured was elevated by a centrifugal pump 
operated by a Nash gas engine to a height which gave a head 
sufficient to force the desired amount through the meter. The 
water passed from the pump, through a screen, into a small fore¬ 
bay thence through the meter into the L-shaped weir chamber. 
The base of the L is about 8 feet long and 8 feet wide, and the 
long side, constituting the main weir chamber, is 33 feet long 12 
feet wide and 6 feet deep below the level of the weir crest. Baffle 
oards, placed m the angle of the L, serve to break up any eddies 
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M. E., Assistant Engineer, National Meter Company, whom the 
writer takes this opportunity of thanking for Ws courtesies 

during the test.) 


































. ,“ Th ® 7 ir notch k oi c ^t-iron plates, the plates forming the 
sales of the notch being adjustable, so that any length of wier 
up to K feet, can be obtained. The crest was formed by beveling 
the down-stream face at an angle of 45 degrees, leaving a truly 
planed edge J inch thick, the vertical sides having a similar bevel. 
1 he distance from the bottom of the weir chamber to the crest 

1 he apparatus for measuring the head on the weir consists 
of two 12-inch cast-iron pipes set on end just outside of the catch- 
basin, one containing a float for the autographic record, the other 
the movable hook-gauge. 

“These pipes are connected by a a-inch pipe from which a 2- 
inch pipe leads through the wail of the catch-basin, with a valve 
it the other end. Another a-inch pipe runs from this pipe to the 
bottom of the catch-basin, makes a right-angle bend, thence 
parallel to and about 6 Inches above the floor, it runs into the 
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WM UHrt | U, calculate the quantity «f watrr |M**ing over the weir. 
In thi* formula 

(J represent* cubic fret of water jirr second, 

/ repfetenf* the length *4 the writ. In feel, 

// represent* the head in fret 

• The v riot tty of ajipruat h wa* **» small that it did not enter 
Ih r tabulation at all Thr head* sealed from the autographic 
m „rd ihnkel very closely with the hook-gauge record Table 
hi,* nummary of the teat*, and i* taken front the rrjwrt of Major 
Wat kina to William K Hill, M Am Soc. C. E., then Chief 
Engineer of the Aijunducl C ummiwunn. 
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“Their te*»* proved the meter to he very accurate and con* 
jst*ie»t for did emit head*, and it *■*» recommended by Major 
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clockwork. Another pencil. attached to the frame holding the 
drum, marks a line corresponding to the elevation of the weir 
i rest,'so that the actual heads »f water flowing over the weir can 
lx* seen at a glance. 

“These preliminaries Ix-ing over, the bucket was removed and 
the test begun The weir ojH-ning was measured by a standard 
Steel rule and was 4 M?5 !«*• SulTuieitt water from the city 
main was allowed to run into the catch basin, the pump was 
started, and the water Iwgan to circulate In order that the 
wind might not affect the lest, the weir chamber was covered 
with I ward*. 

“The Francis formula, with Hamilton Smith’s correction, in 

")//'. m> 
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Watkins as the standard measure tor the pneumatic pumping 

plant at Shaft No. 25. 

“As it was impossible at that time to shut down the aqueduct, 
so that the siphon could be actually emptied, it was decided to 
pump at different water levels in the pump-shaft. The water 
was tirst pumped out through the blow-off pipe, until its surface 
was about 50 feet below it, when the gate was closed far enough 
to allow only the leakage into the shaft to pass through, the 
remaining water running back into the shaft. After pumping 
at this level for an hour, the gate was opened and the water 
pumped down to 125 feet below the blow-off, when the gate was 
closed down again to allow only the leakage to run off. In like 
manner the plant was tested for levels 175,225 and 300 feet 
below the blow-off. 

“The average volumes pumped per minute, as indicated by the 

Gem meter, were as follows: 

At 88 feet below the blow-off... .6290 gallons per minute. 

At 135 feet below the blow-off... .6020 gallons per minute. 

At 175 feet below the blow-off... .5220 gallons per minute. 

At 230 feet below the blow-off... .4286 gallons per minute. 

At 298 feet below the blow-off. .. .2180 gallons per minute. 

Tallies 7, 8 and 9 show the details of these tests. 

“ It had also been agreed to run an endurance test of 12 hours, 
pumping at a level about 175 feet below the blow-off, but, owing 
to the dismantling of several boilers, sufficient steam could not 
be obtained and the test was postponed for several weeks. In 
the meantime, the machinery was overhauled; a revolution 
counter was placed on the auxiliary compressor, and a small 
pump lubricator attached to the switch-plunger cylinder. A 
small steam pump was also connected wit h the line of water pipe 
leading from the 36-inch pipe to the water jackets on the large 
and auxiliary compressors and also to the after-coolers, as pre¬ 
vious to this there was not sufficient water to keep the air properly 
cooled." 
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xii gc!JLCJLcu ? lxic system ui pumpmg Welter irom DOrea Wells IS 
termed the “air lift.” This is by far the most common method 
of compressed air pumping. The air lift is found in m uni cipal 
waterworks, ice factories, breweries, irrigation plants, dye works, 
cold storage and packing houses, and numerous other places the 
world over. In spite of its universal application there is little 
known by engineers concerning its proper design and installation. 
This is due to scarcity of literature on the subject; and then, 
too, the system is apparently so simple that at first sight it does 
not seem to merit the thought and analysis that almost every 
other proven mechanical appliance or device receives. 

Historical. — We find in the book of Heron the first appli¬ 
cation of compressed air to lifting water. The arrangement is 
known as the “Fountain of Heron,” both compressor and pump 
being combined in one system. Fig. 33 illustrates diagrammati- 
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The “Fountain of Heron” was employed about the middle 
of the 18th. century in the mines of Chemnitz, Hungary. In 
1797 some laboratory experiments were performed by a German 
mining engineer, named Loscher, on an air-pumping system of 
bis own invention. His experiments are described in a pamphlet 


Alnmul Water 
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used by Brear. In letters patent No. 47793 he explains the 
operation of his invention. The principle is plainly indicated, 
by the arrows in the illustration. 

In 1880 J. P. Frizell was granted a patent (No. 233499) on a 
“ New Method of Raising Water by Means of Compressed Air.” 



Fig. 35- 


Fig. 35 shows this invention in detail, and it is described in the 
letters patent as follows: “My present invention has for its 
object the elevation of water in a simple and convenient manner 
by the introduction thereunder of compressed air; and it con¬ 
sists in causing a column of water to ascend in a pipe or conductor 
by the injection therein, at or near its bottom, of compressed air, 
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the weight of the air and water thus commingled being overcome 
by the weight of the external water, which is thus utilized as a 
motive power to elevate the water to the desired point. To 
enable others skilled in the air to understand and use my inven¬ 
tion, I will proceed to describe the manner in which I have 
carried it out.. In the said drawing, which represents, in sec¬ 
tion, my contrivance for elevating water, A denotes the surface 
of the body of water to be drawn from, and B the reservoir into 
which it is to be raised. C is a shaft or pit sunk in the earth to 
a depth corresponding to the pressure of the air used, and com¬ 
municating with the body of water A. b is the rising pipe ex¬ 
tending from near the bottom of the pit up to the reservoir B. 
The height from the surface A to the surface of B is the lift 
Experiments show that the depth of the pit, reckoned from A, 
should be as much as five or six times the lift. 

. “ Intothe bottom of therisingpipeisfitted the hour-glass-shaped 
pipe 5, enclosing between the two pipes the annular space EE. 

The upper end of the pipe 5 is perforated with a great 
number of minute orifices, F, as indicated by the black dots. 
The lower end expands to a greater width than that of the rising 
pipe m order to diminish the resistance of the water in entering. 

. b e pipe D, leading from the source of compressed air, opens 
mto the annular space EE. The pit or shaft C and rising pipe 
6 being fified with water to the level of A, compressed air is 
admitted to the pipe D and passes into the annular space EE, 
thence through the perforations F into the water in the pipe b, 
through which it rises in the form of minute bubbles. 

The pipe D, which conveys the compressed air, may pass 
own in the pit C, as shown, or inside the rising pipe b, or outside 
the pit C in the ground if preferred. 

, <<Tlie P xt or shaft C may, of course, be dispensed with if there 
is naturally a sufficient depth of water, it being merely necessary 
to introduce compressed air within the pipe or conductor, 
through which the water is to be raised at or near its bottom in 
order that it may rise, expand and diminish the weight of the 
column of water therein, as before described.” 
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In 1884 another patent (No. 309214) was granted to S. S. 
Fertig on an annular tube pump. In 1885 Werner Siemens 
used an air-lift pumping arrangement in a mine shaft near 
Berlin, and in the same year Laurent used it for lifting sulphuric 
acid in France. 

In 1892 Dr. Julius G. Pohle was granted a patent (No. 
487639) on an “air lift.” Fig. 36 shows the Pohle air lift which 
differs in action and principle from the Frizell only in the appli¬ 
cation of the compressed air. Dr. Pohle describes his invention 
as follows: 

“The object of the invention is to successfully and practically 
effect the elevation of the water to a much greater height than 
has heretofore been deemed economic with compressed air and 
to avoid the results due to an intimate commingling of the air 
and water, as well as to dispense with all valves, annular spaces 
and solid pistons. In accordance with my invention the air is 
not directed into the water in the form of fine jets or bubbles, 
which would very readily commingle intimately with the water, 
but is delivered in mass, and the water and air ascend in well- 
defined alternate layers through the eduction pipe. 

“The drawings represent the apparatus in a state of action — 
pumping water — the shaded sections within the eduction pipe 
W representing water layers' and the intervening blank spaces 
air layers. 

“At and before the beginning of pumping, the level of the 
water is the same outside and inside of the discharge pipe Q 
incidentally; also in the air pipe. Hence the vertical pressures 
per square inch are equal at the submerged end of the discharge 
pipe. When, therefore, compressed air is admitted into the 
air pipe a , it must first expel the incidental standing water before 
air can enter the eduction pipe W. When this has been accom¬ 
plished, the air pressure is maintained until the water within the 
eduction pipe has been forced out, which it will be in one un¬ 
broken column, free from air bubbles. When this has occurred, 
the pressure of the air is lowered, or its bulk diminished, and 
adjusted to a pressure just sufficient to overcome the external 
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water-pressure. It is thus adjusted for the performance of regu¬ 
lar and uniform work, which will ensue with the inflowing air and 
water which adjust themselves automatically-in alternate layers 
or sections of definite lengths and weights. It will be seen in the 
drawings that the lengths of the water columns (shaded) and air 
(blank spaces) I and I are entered of the discharge pipe W, also 
that under the pressure of two layers of water, i and 2, the length 
of the air column 2 is 6.71 feet long, and so on. The lengths of 
aggregate water columns and the air columns which they re¬ 
spectively compress are also entered on the right of the water 
pipe. On the left of the water pipe are entered the pressures 
per square inch of these water columns or layers. Thus the 
pressure per square inch of column 1 is seen to be 1.74 pounds; 
that of 2, consisting of two columns or layers 1 and 2, each 4.02 
feet long, to be 3-49 pounds, and that of 10, consisting of nine 
columns or layers of water 1 and 9, inclusive, each 4.02 feet long, 
and one 3.80, viz., layer 10 feet in length to be 17.35 pounds and 
the aggregate length of the layers of water is 39.98 feet in a total 
length of 91 feet of pipe. It will be noted that the length of pipe 
below the surface of the water in the well is 55.5 feet and that the 
difference between this and the aggregate length of the water 
layers (39.98) is 15.52 feet, that is, on equal areas the pressure 

ter than the pressure on the inside by 
nee of level, which is 47.65 pounds for 
)ipe. It is the difference of 15.2 feet, 
}lies the water pipe, puts the contents 
[ overcomes the resistance of the pipe, 
ers are equal, each to each, and the 
)f air is due to the number of water 
.e pressure upon the bottom layer of 
le to all the layers of water in the pipe 
pressure upon the uppermost layer of 
layer of water 1 at the moment of its 
., 1.74 pounds per square inch. As 
lis is lessened, until, at the completion 
ter layer, the air layer is of the same 
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In 1898 Mr. W. L. Saunders invented an air-lift p umpin g 
system in which, air and water discharge takes place through a 
central pipe suspended from the well top. Referring to Fig. 37, 
compressed air is forced into the space between the discharge pipe 



Fig. 37. 


and well casing. This space is called the “pressure chamber.” 
As the air pressure rises in the pressure chamber, the water level 
is forced downward until, finally, the end of the discharge pipe 
is uncovered when, immediately, compressed air enters the dis¬ 
charge pipe. This loss of air slightly lowers the pressure in the 





:se are described 


ing the principle 
ads and partially 
, as in A, Fig. 38. 
and outside the 


own the outside of 
5 . This air piston 
>e and, since air is 


chamber and the water rises in the chamber a distance equiva- 
ent to the pressure loss. The incoming air soon raises the 
pressure m the chamber, and the water head is again lowered 
eyond the end of the ^discharge pipe, when air again escapes, 
pressure reduction again occurs, and so on. Thus, it is claimed 
alternate layers of air and water are formed which maintain 

the* form until a point at or near the discharge is reached when 
a breaking up occurs. 

Since 1898 a number of patents have been granted on special 
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ghter than water, the hydrostatic pressure of the outside water 
co umn upon the lower end of the air piston is greater than the 
pressure due to weight of the air and water above on the inside 
o t e pipe. This unbalanced condition causes the air piston to 
rise carrying the water before it until the level inside the pipe 
reaches a distance h (C, Fig. 38) above the level outside. The 
head A is equivalent to the difference between the weight of the 
air piston and the weight of the water it has displaced. 

Another air piston admitted to the pipe end will, in the same 
way, cause the water in the pipe to rise higher. As more air 
pistons are admitted the water level will continue to rise until 
the upper pipe end is reached when overflow of air and water 
occurs. With a continued admittance 
of air pistons and continued overflow, 
there, obviously, always exists an un¬ 
balanced condition of pressures inside 
and outside the pipe which keeps up 
the discharge or overflow as long as air 
and water are provided at the lower pipe 
end. 

This will be recognized as the Pohle 
description of the operations of an air 
lift. The air pistons mentioned by Dr. 

Pohle do not, however, entirely fill the 
cross section of the pipe in actual prac¬ 
tice. In other words, there is a space 
between the air piston and the walls of 
the pipe, which space is filled with water 

_ i . f 



Fig. 39. 


as shown in Fig. 39. Each rising piston of air then does not 
carryall the water ahead of it, but some water escapes down- 

If' I( tT n t0 the movin g P^ton) around the piston. 
Thus the air slips” by a certain amount of water, and the loss 
which is known as slippage is. the greatest to be contended with 
m this system of pumping. 

In the Frizell system of operation small air bubbles are made 
to displace the water in the discharge pipe instead of larger air 
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pistons. A comparison of the Pohl6 and Frizell systems is 
shown m Fig. 40. Both systems clearly depend upon a differ¬ 
ence of pressures or, more correctly, specific gravities of the 
columns outside and inside the discharge pipe. 



Fig. 40. 

Air-lift Theory. — A number of attempts have been made to 
develop mathematical theories of the air-lift pump, but with¬ 
out satisfactory results. It is impossible to derive truly accurate 
formulae expressing the air-lift theory because of the many 
uncontrollable variables met with. Probably the best theories 
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that have been advanced thus far are those of Prof. Elmo G. 
Harris in Compressed Air , and Dr. H. Lorens in Zeitschrift des 
Vereines Deutcher Ingenieure , Vol. 53. Both of these discussions 
are given in full on the following pages. 

Harris , Theory.* — “ In Fig. 41, P is the water discharge or 
eduction pipe with area a , open at both 
ends and dipped into the water. A is 
the air pipe through which air is forced 
. into the pipe P , under pressure neces¬ 
sary to overcome the head D. b is a 
bubble liberated in the water and hav¬ 
ing a volume 0 which increases as the 
bubble approaches the top of the pipe. 

“The motive force operating the 
pump is the buoyancy of the bubble of 
air, but its buoyancy causes it to slip 
through the water with a relative 
velocity u. 

“In one second of time a volume 
of water = au will have passed from 
above the bubble to below it and, in 
so doing, must have taken some abso¬ 
lute velocity 6- in passing the contracted 
section around the bubble. 

“Equating the work done by the 
buoyancy of the bubble in ascending, 
to the kinetic energy given the water 
descending, we have 



Fig. 41.. 


wOu = wau — where w = weight of water, 

2 g 


or 


0 

a 


ig 


(3s) 


2 & 


is equivalent of the head h at the top of the pipe which 


0 


is necessary to produce s, therefore A = -. 

a 

* Taken from “ Compressed Air ” by Prof. Elmo G. Harris. 
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“Suppose the volume of air O to be divided into an infinite 
number of small particles of air, then the volume of a particle 
divided by a would be zero, and therefore 5 would be zero; 
but the sum of the volumes 0 would reduce the specific gravity 
of the water, and, to have a balance of pressure between the 
columns inside and outside the pipe, the equation 

ivO = wah must hold. (Sfi'l 


Hence again h = —, showing that the head h depends upon the 

volume of air in the pipe and not on the manner of its subdivision. 

“The slip u of the air relative to the water constitutes the 
chief loss of energy in the air lift. To find this apply the law of 
physics, that forces are proportional to the velocities they can 
produce in a given mass in a given time. The force of buoyancy 
wO' of the bubble causes in one second a downward velocity s 
in a weight of water wau. Therefore, 


wau 


whence 


as proved above. 


Therefore 


“This shows that the slip varies with the square root of the 
volume of the bubble. It is, therefore, desirable to reduce the 
size of the bubbles by any means possible. 
s 

If m = -, then the bubble will occupy half the cross section 

of the pipe. This conclusion is modified by the effect of surface 
tension which tends to contract the bubble into a sphere. The 
law and effect- of this surface tension cannot be formulated nor 
can the volume of the bubbles be.entirely controlled. Unfortu- 


r 
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Taken from “An Investigation of the Air Lift Pump” by Profs. Davis and 


Weidner. 
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nately, since the larger bubbles slip through the water faster than 
the small ones, they tend to coalesce; and, while the conclusions 
reached above may approximately exist about the lower end of 
an air lift, in the upper portion where the air has about regained 
its free volume, no such decorous proceeding exists; but, instead, 
there is a succession of more or less 
violent rushes of air and foamy water.” ... 

Lorenz’s Theory.* — “ Let 

pi = the pressure in the foot piece; f|p^ 

p h = the barometric pressure acting ^ 111 ^ 

on the surface of the water in ^ gl ^ 

in the well, and also on the ^ gig j 

discharge end of the pipe A, ^ |p ^ 

Fig-42; ,_ JL _ 

u w = the density of the fluid pumped; " ^|p|: |i 

w w = the weight per second of the M 

water pumped; H 

w a = the weight per second of the air ^|§gj B 

discharged through the pipe t lip? |% 

B ; |li I 

Ui = the density of the air at the air ||gg; 11 

inlet in the foot piece; fl pip B 

u b = the density of the air at the fPwlK 

discharge end of pipe A; - 

Vi = the velocity of the liquid in the ^||g|g|§^. 

pipe A below the air inlet; i||||j||| 

c e = the coefficient of entrance; 
h, = the depth of submergence. FlG ' 42 ' 

“Referring to Fig. 42, it may be seen that, during the operation 
of the pump, the following equation of heads holds between the 
pump and a point at the same elevation outside the pump: 


Fig. 42. 









PUMPING BY COMPRESSED AIR 


“For flow in the discharge pipe A, the following differential 
equation holds on account of the variable value of the density u 
of the mixture of gas and liquid: 

jj- dp vdv * 7T , . 


in which v equals the variable velocity, and p, the pressure at any 
point; and with the variable specific weight of air as u v equation, 

Wg+Wy, W a . W w / \ 


designates the momentary volume of the mixture w a + w w . 

“If the mixture of air and fluid is very intimately commingled; 
that is, if the air penetrates the fluid in the form of small bubbles, 
it can be assumed that the air expands isothermally, so that 


By means of equations (41) and (42) the fundamental formula 
(40) becomes: 


W a + W w u b p w a + W w u w g 

“Integrating this equation between the limits h, + h t and 
0, pi and p b and and v b (the velocity of the mixture at the 
discharge end of the eduction pipe) there results: 


“Replacing the last term in this equation, for the sake of 
simplicity, by assuming a mean coefficient c p so that 


there results 
— (hi + h,) + 
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Adding this equation to m gives 

— P lQ g« £ - Pj ~ lb ) = A; 


A,+- 2L i+c,-. 

’ 2g\ *<f, 


+ ?i 


“Neglecting the second term on the left-hand side of the 
equation, which will be very small in comparison with the first 
term on account of the large difference between the values of 
u w and u b , w a and w w , and neglecting w a in the denominator, this 
equation reduces to the simple form 

log. £ - ht + & (x + c I)+ ^ c t (48) 


“In developing this energy equation, Dr. Lorenz assumed 
the velocity of air entering the foot piece as equal to that of the 
water; that is, free from any losses due to impact, which may be 
readily assumed on account of the small kinetic energy of the air. 
Now let 

log& (49) 

u b p h 

the work of isothermal expansion of the weight of air w a} and l„ » 
wji t the work done in lifting the fluid weight w m from which the 
hydraulic efficiency 

„ wjhu b , , 

* " f " —*~ L1 T (50) 

w*Pb log.^ 

Pb 

can be computed with the aid of equation (47) 

t »* 2 (i + «, jj) + 


For the practical use of these formula: it will be better to elimi¬ 
nate the velocities % and v t by introducing the volumes q h and q w 
of weights w a and w„ and using the area of the discharge pipe a v) 
by means of the following formula 1 .* 

w a * q„u b w„ - q w u m . , 

+ q w "* a P h q w ■■ a p Vt 5 ' 







q w u w pb ^ 2ga/ / 

and differentiating this equation with respect to q b , putting 


there results as a requirement for maximum discharge q i 


or in connection with equation (39), that is after eliminating the 
pressure pi and p h , 

U + c p iW - qJ) = 2 gh t a p 2 + c e qj (55) 


“ If, now, the maximum discharge determined from the capacity 
of the well, and the area a p of the discharge pipe determined from- 
the diameter of the well, and also the lift and the known coeffi¬ 
cients c e and c p are given, the volume of free air required may be 
computed by means^of the formulae (54) and (55), from which 
the submergence h 8 can then be computed by means of equation 
(39). For these fixed conditions equation (53) then gives the 
relations between any desired values of q b and q w using the same 
pressure p { :’ 9 

There have been several other theories published but the 
formulae presented are not so simple or so easily applied as 
those just given. In neither of these theories, however, has 
account been taken of the air-friction loss in the air pipe, or the 
losses due to curvature in the elbow at the well top, or entrance 
losses in the lower end of the discharge pipe. The formulae may 
be easily modified to include these losses by applying principles 
given on following pages under curvature, entrance and air- 
friction loss headings. 


















CHAPTER V 
SUBMERGENCE 

In presenting this essential to the air lift, it is first necessary 
that the bored well itself be discussed briefly. A bored well is 
merely a cylindrical-cased hole of sufficient depth to penetrate 
the water-bearing stratum, and provided at the lower end with 
suitably located openings for free entrance of water from the 
stratum into the well. 

Water is admitted to the well in two ways. One way is to 
attach a screen or strainer to that part of the well casing which 
is in the water-bearing stratum. This strainer consists of a 
piece of wire-wrapped perforated pipe (as shown in Fig. 43) equal 
in length to the depth of the stratum. Water finds its way 
through the openings between the wire strands, but sand, gravel 
and other foreign matter is held in the stratum. The other 
method (Fig. 44) is used when there is no sand present and 
where adequate anchorage, such as cap rock, immediately 
overlies the water-bearing stratum. As shown, the casing is 
resting on the rock, and the bare hole is continued through the 
rock into the stratum below. The water, then, is free to rise 
up in the well from the bottom. 

The water-bearing stratum itself is a porous bed of sand, 
gravel, or it may even be rock formation, through which water 
flows. The ideal arrangement is the porous stratum lying 
between two impervious strata and thus confining the water flow 
to its bed with no escape either upward or downward. No such 
perfect formation is ever found, however, for there always exists 
fissures or openings in either or both confining strata through 
which water will escape. Nearly impervious confining strata are 
sometimes found, so in our discussion we will assume for sim¬ 
plicity, that all water is held within a pervious bed. 
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At some distant points, the strata 
reach the earth’s surface where the 
previous one receives its water supply 
from, rainfall, springs, rivers, etc. The 
principle is shown graphically in Fig. 
45. A bored, well, piercing the upper 
strata and entering the water-bearing 
stratum, is shown at A . The strainer 
is also shown. Water enters the 
stratum from the source of supply, as 
indicated by the arrows, and rises up 
inside the well to a level which is the 
same as that of the headwater, or 
BC in Fig. 46. . These are the static 
conditions, and the distance below the 
ground level that the water stands is 
known as the static head. 

| The static head of a bored well, 
then, depends upon the water level in 
the source of supply and, when the 
latter is higher than the mouth of the 
well, a natural flow is obtained. 

Consider, now, a bored well (Fig. 
46), piped for operation with air and 
having a static head h, and a sub¬ 
mergence h,. The air pressure neces¬ 
sary to start the flow from the well is 
equivalent to the depth of submer¬ 
gence, or 2.31 h,. This is evident, 
because the resistance that must be 
overcome is that offered by the ver¬ 
tical column of water standing over 
the air nozzle A. As air under pres¬ 
sure 2.31 h, (plus friction) is furnished 
by the compressor, the water column 
is raised in proportion until, finally, 
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the water surface just reaches the point of discharge. Suppose 
a valve were closed in the air line. There would be no further 

movement of the water column, and 
the discharge pipe from the air nozzle 
to the lower end of the water c'olumn 
is filled with compressed air while the 
remainder is filled with water. Sup- 
pose now that the air valve were opened 
and more compressed air admitted. 
Immediately water overflows the dis¬ 
charge pipe and the column is short¬ 
ened. This decreases the resistance 
and, consequently, the compressed air 
behind the water column expands and 
the pressure drops. Thus the first head 
is blown from the well. 

When the air pressure has become 
sufficiently reduced by the removal of 
the first column as explained, the hydro¬ 
static pressure of the water head out¬ 
side the well overbalances the internal 
resistance and water is forced into the 
well. This water in passing the air 
nozzle becomes aerated and continues 
to rise, endeavoring to balance the out¬ 
side water-column pressure. Such a 
balance is impossible because of the 
reduced weight of the' inner column, * 
consequently a continuous overflow 
occurs at the discharge pipe end and 
operation has begun and continues as 
long as sufficient air is furnished. 

The air pressure necessary to keep a 



Fig. 46. 


well in operation is sometimes considerably lower than that 
necessary to start the well. This is due to two causes: first, a 
pressure drop due to established column momentum, and second, 
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a pressure drop due to actual falling of water level in the 
well. 

To explain the first cause it suffices to state that less energy 
or pressure is necessary to keep a column of water moving 
than is required to start the same column when at rest. The 
pressure difference is equal to the velocity head of the mov- 

ing column, or .434- 

2 g 

The second pressure drop is considerably greater than the 
first mentioned and varies almost for every well. (Refer to 
Fig. 45 and note the static conditions as there shown.) When 
the well A is pumped, there is created a flow of water from the 
source C to the discharge pipe end. Immediately a loss of head 
appears in the stratum due to friction just as a friction loss 
occurs in a pipe line when transmitting water. The water col¬ 
umn at the source, then, under dynamic conditions, cannot main¬ 
tain an equal head in the well and, consequently, the dynamic 
head in the well is lower than the static head by an amount equal 
to friction loss between source and discharge. This means that 
the column of water over the air nozzle in the well is shorter 
by the same amount, hence the air pressure is correspondindv 
reduced. 

The friction losses in water-bearing strata are governed by the 
same laws as those governing pipe-friction losses. The well drop, 
then, depends upon the resistance offered to the travel of the 
water by the obstructions in the stratum; upon the resistance 
offered by the strainer (or entrance loss at the well end if no 
strainer is used); upon the friction loss in the water discharge pipe 
and upon the amount of water being pumped. Clearly the head 
drop is different for each well and for each quantity of water 
pumped from any one well, and can neither be estimated nor 
otherwise determined except by experiment. By noting the start- 

mg and running air pressures and correcting for JL, the drop in 

2 g A 

head in feet may be determined by multiplying the pressure dif¬ 
ference by 2.31. 
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Fig. 47. 


In some instances the head drop 
is slight, but in others it is excessive, 
and so much so that the starting 
pressure necessary is considerably 
higher than the compressor can pos¬ 
sibly afford. To bring the starting 
pressure within the limit of the com¬ 
pressor, an auxiliary air line is often 
necessary, as shown in Fig. 47. The 
first head is pumped off by closing 
valve A and opening valve B, thus 
forcing the air through the shorter 
air line. After starting the well, the 
valve A is opened and valve B is 
closed. The starting pressure neces¬ 
sary is reduced from 2.31 H to 2.31 
Hi, the former being necessary if 
only one air line were used. 

In designing an air lift to meet 
any given set of conditions, it is 
necessary that the head drop of the 
well be first known, otherwise a 
proper proportioning of submergence 
is impossible. It is the uncertainty 
of the head drop more than any 
other one thing that makes each 
well an individual problem, to be 
solved. 

Having determined the head drop 
in any specific case when the desired 
quantity of water is being pumped, 
the next question is, what is the 
most economical submergence ? 
Submergence governs pressure. In¬ 
creased submergence rheans higher 
operating air pressure but decreased 
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air-slippage losses and conse- ___ -ST~D- 

quently smaller air volume; de- A 
creased submergence means 

lower operating air pressure but § 

greater air-slippage losses and, I 

therefore, larger air volume nec- t 

essary. Evidently there is a k 

point where the energy expended : 

or pressure through volume is 

least. This point may be found j * 

experimentally by varying the / . 

submergence and running a test ( ' ;■ 

on each change. When this is 1 ill 

done, and the air nozzle set at A ir _ | / ■ 

the proper point, the over-all jy _,J 

efficiency (which includes up- ^-Jj | 

keep and repairs) of an air- r=f 7[fj ' \ 

lift pumping plant compares : wzssrj 

most favorably with that of H q ' 

any other means of deep-well I | 

pumping. I | | 

The high percentage of sub -§ | 

mergence necessary is one of the _„Jj ffi 1 ; 

most serious drawbacks to the •*--?.4 ^ 

air lift. For operation in places * | ; fawwl 

other than in a well, lack of 1 > 

submergence is sometimes com- 1 I 

pensated for by dividing the 1 | 

lift into a number of stages in ' | 

a similar manner as is done in ‘ | 

high-duty pumping with the dis- I ] 

placement pump, previously de- f 1 % 'i 

scribed in Chapter II. Fig. 48 " — 

shows diagrammatically the gen- Fl °- 48 - 

eral idea of a stage lift. Owing to the small area available such 

an arrangement is impracticable inside of a bored well. 
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) or more wells are to be operated together, their 
h respect to one another will have an important 
n the ultimate results obtained. Referring to Fig, 
KP is the surface of the water plane when the well 
operated and CD is the surface when operating the 
he CD connects the dynamic head in the well with 
the source of water supply, and consequently inter- 



. Ihe latter point, Fo locate the wells in a line 
ie wafer flow would mean that each well would be 
he drop in head of the other, and, consequently, 
1 duly when pumping all wells would be unneces- 

i nearer together the wells are drilled, the greater 
r eiiVi. t upon one another when operating. The 
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most advantageous disposition of wells, then, is in a line at right 
angles to the direction of the subterranean flow and as far apart 
as possible. 

Test. — To show the effect of varying submergence upon the 
pumping efficiency of an air lift, as well as to illustrate the steps 
necessary to properly proportion the piping, a test of a well 
owned by the city of Hattiesburg, Miss., is given on the follow¬ 
ing pages. 

General Remarks. — Here, as is usually found, the city 
required all the water that could be obtained for the least cost, 
or, in other words, the most efficient capacity of the well. To 
determine this capacity, it was necessary to vary the submer¬ 
gence and run a test on each change, making the various obser¬ 
vations shown on the log of results following. The air volume 
and pressures, of course, varied, and the compressor speed was so 
regulated in each trial that air neither was wasted by blowing 
through the water, nor was an insufficient quantity furnished 
which would cause the well to flow in “heads.” A little experi¬ 
menting before each trial showed just when the minimum air 
volume for steady operation was being supplied. 

Equipment. — The equipment consisted of one 12"and 12" by 
i2 ;/ Ingersoll-Sergeant Class “F” and one 14" and 14!" by x 4 ;/ 
Class “A” compressors, two 24” by 6 foot vertical air receivers 
fitted, with gauges, safety valves, etc., and one qf-dnch well with 
all necessary piping. Fig. 49 is a layout of the plant showing 
the location of the well, reservoir, etc., as well as the surface line 
lengths, and sizes. Figs. 50 and 51 are cuts of the compressors 
used. 

The Well, —Fig. 52 shows the well. It will be noted that 
two water-bearing strata were tapped and a strainer located in 
each. It afterwards developed that the lower stratum was of 
little or no value. 

The Foot Piece. — At the end of the air line in the well, the 
foot piece shown in Fig. 53 was attached, aa are wire nails 
which held the flanges apart as well as maintained the foot piece 
in a central position in the well. The object of the inverted oak 
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cone attached to the lower hall of the flange was to diminuu 
the e<l<ly of the rising water column when strikhc* it- 

flanges. 

General Bata, “-The following dimensions, etc., were c on >t;mt 
through out the entire test: 


Total depth of well, feet,45 

Inside diameter of casing, inches... 

Area of casing, square inch. 72.a? 

Inside diameter of air line in well, inches 2,468 

Outside diameter of air line in well, inches. 2,875 

Outside area of air line in well, square inch » . ,, 6,41^2 

Inside diameter of eduction pipe, inches....... 9 J 

Net area of eduction pipe (square Inch)........ 66,267 

Mean Inside diameter of reservoir, feet.____ 40j\ 

Area in square feet.. 1282.98 

Cubic feet of wider \m Inch of depth......... 106.915 

U. S. gallons per cubic foot............... 4 . , 7,481 

U. 5 , gallons per inch of depth ........... _ 799.83 

Net piston displacement per revolution of 

Class “A” compressor, cubic foot ., 2.486 

Size Class “A" inlet pipe, inches_ ......... j}§ 

Size Claw "A” piston rod, inches. .. , 3 }.| 

Size Class “F” piston rod, inches. . 1 1 1 


Method of Procedure. — The air line length was varied, air 
volume regulated and a test of four, and sometimes six, trials 
made for each change. The efficiencies, etc., were computed a . 
shown in Table 10. Each trial marked on the table shows 
resul ts averaged from the several actual trials made. 

During each trial, readings were taken of the boiler pres am; 
gauge, air gauges at the receiver and well top, and of the ther¬ 
mometer registering the temperature of the atmosphere in the 
engine room near the compressor intake. Indicator diagram,, 
were tstken from the air cylinders and the amount of water 
hoMo I ♦uniped was lin-a.uml in the storag* r< ervoir located 
just ont .idc ol tin* building. 

In I-'ig. 54 are given superimposed indicator diagram*-., i j 
show tlu- energy expended during each trial and the pn mre .,i 
the air furnished. It is interesting to note the varying vo! 
metric efficiencies and the difference in power required f |in 
* Foot-pirrr bv Laync am! Howler Co. 
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Pig, 52, 
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Fig. 54 . 


the discharge valves when operating against various terminal 
air pressures. 

In Fig- 55 is a curve plotted between well head drop in feet as 
. the ordinate and gallons of water per minute as the abscissa. 
The curve shows a fairly regular drop between 700 G.P.M. and 
1100 G.P.M., but as the quantity is increased further, the curve 
is broken and irregular. This is due to the fact that it was 
necessary to force the well beyond its normal capacity to yield 
greater than 1100 G.P.M. 

Referring to Table xo, it is seen that 1x06 gallons of water per 
minute is the economical capacity of the well, and that the 
pumping head is feet. The next thing to be determined is 
the submergence best suited. In other words, when pumping the 
economical capacity of the well, and hence operating ag ains t the 
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corresponding pumping head, how far below the 37.1 feet should 
the air nozzle be located? This can readily be determined by 
again changing the length of the air line, and so regulating the 
compressor speed at each change that the quantity pumped from 
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the well will remain the same, i.e., 1106 gallons of water per 
minute. Tests run as before will now show the most economical 
point of submergence when pumping this desired quantity of 
water. Usually five or six such tests will suffice and the results 
plotted on coordinate paper will give the proper location of air 
line. Nine trials were made on the Hattiesburg well as shown 
in Table n, which is the log of results and the computations. 
Fig. s6 is the submergence curve plotted from these results and 
is typical of such curves. 

The submergence curve shows that, between 65 per cent and 
50 per cent and between 75 per cent and 95 per cent submergence, 
the efficiency falls off very rapidly, but between 65 per cent and 
75 per cent submergence, the efficiency difference amounts to 
less than i per cent. By extending the curve downward on the 
left, it is shown to be impracticable to pump at all under 20 per 
cent submergence. It was impossible to test under lower sub¬ 
mergence than 50 per cent because of insufficient available air 
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No set'rules can be given as to what is proper submergence 
and no formulas can be derived that will be even an approximate 
guide. It is purely a matter of experiment in each individual 
case, and an air lift should never be installed without such 
experimenting. It is always best to obtain the advice of ex¬ 
perienced men in any installation, for an air lift improperly 
designed and installed is one of the most criminally wasteful 
means of pumping known. 
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volume. Both compressors had in hr oja-rated nt a eonsklerabl 
higher <•]«•<d than Uu ir catalogue rating in order to test even at 
50 per tent submergence. 

At* previously •’laird, it is usually desired tu pump the well 
to its maximum economical capacity, hut there are instances 
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where a certain specified amount of water is desired from 
the well. In such case*, the first step necessary is to ^ascer¬ 
tain what the head drop in the well is when pumped to 
this required capacity. Ihis may lie done by choosing at ran¬ 
dom urn 11’lUtr jht rentage and forcing sufficient air into 

the well to pump tie- ?« quh«-d (j junlity. The drop in head will 
hr hov\n on th« ..i! . I h- - : ijed in length 

,iiid ,t Tii.- «,j n ?. ;• , p; ’ ' > T-• .1 certain ex¬ 

tent. the method of piping the well fur air affects the sub- 
mrrgrtar rune. Naur 1 tem ri |uiri for erthient operation 
greater subiiirTgem r than other ; Hr i-n and finish of air 
n*«/,|tv Ml am, *• • . a. :• : !-. nbmergence. 
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cending bubble expands steadily and occupies a steadily in¬ 
creasing space in the discharge pipe. This reduces the effective 
area for water flow, and, therefore, to maintain a constant quan¬ 
tity of water through the discharge pipe length, the velocity of 
the column must also increase as it ascends. The velocity of 
travel at any point in the pipe is expressed by the formula 
used in a subsequent chapter in hydraulic computations, or 

Q = ( 56 ) 


In the present instance, () = cubic feet of air plus cubic feet of 
water per second, while a and v equals cross-sectional area of the 
pipe in square feet and the velocity in feet per second, respec¬ 
tively, as before. The air volume is the variable factor and it 
increases from bottom to top of discharge pipe very nearly in 
accordance with the following formula:* 





( 57 ) 


v — volume of compressed air in cubic feet per second; 

Q a = air volume in cubic feet of free air per second delivered 
by the compressor; 

x = distance from discharge pipe top to the point where the 
volume is to be determined; 
l = total length of the discharge pipe; 
r = ratio of air compression. 


The author has no knowledge of any reliable experimental 
data obtained from tests made under working conditions, and 
that were intended to show just what the most advantageous 
velocities should be in a discharge pipe. It. can be said, however, 
that the velocity of mixed air and water should at no point be as 
low as the velocity with which air will ascend when submerged 
in still water, for then operation would be impracticable; on the 
other hand, the velocity at no point should be so high that the 

* From Compressed Air, by Prof, Elmo G. Harris. 








CHAPTER VI 

VELOCITIES 

It has been shown in preceding chapters that the greatest 
loss encountered in air-lift practice is that due to the slippage of 
air past the water in the ascending column. It has also been 
demonstrated how this loss varies with the different depths of 
submergence of the air piping. We come now to another factor 
which affects very materially the efficiency of operation, and that 
is the design of the discharge piping to be installed in the well. 
In selecting discharge pipe sizes or, in other words, in fixing the 
velocity of the column of mixed air and water, there can be no 
other guide but experiment and experience, and the designer is 
limited and handicapped at every turn by the sizes of standard 
pij>e and the small area of the bored well. 

To explain the difficulties and the necessity for experience, 
consider the conflicting demands of efficiency when transmitting 
a mixture of compressed air and water its is done by the air-lift. 
Referring to the laws of friction of water flow in a subsequent 
chapter, it is seen that the losses decrease as the pipe size is 
increased; referring to the air-lift theory in Chapter IV, it is 
seen that the air-slippage losses increase as the velocity of flow 
is diminished, or as the discharge pipe is increased. Then, for 
efficiency's sake, water demands a large pipe, and air, a small one. 

There must be a point or, more correctly, a velocity of flow of 
mixed air and water, where the sum of the watcr-friction losses 
and the air slippage lossesis least, but owing to the variables 
involved, this velocity can only be determined by experiment. 

The discussion so far refers to velocity at the point of admis¬ 
sion of air into the discharge pipe. As the air bubbles ascend, 
pressure falls, as before explained, and, consequently, each as- 
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■ second, a 
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of disch: 


,est were 




Fro* 58. 


Compressor size..... 

R.p.m.,... ,,,, 

Actual cubic feet of free air per minute]..,, 
Starting pressure (gauge) at well, pounds,, 
Operating pressure (gnuge)'at well, pounds. 

Static head in well, feet.. ,..,, 

Total pumping head, pounds...... 

Gallons of water per minute.. 

A.H.P.......... 


A.H.P. (isothermal).. 

W.H.P......... 

W H P 

Pumping efficiency A ,, jr (isothermal)' 
'Over-all efficiency of plant.. 


-MN; Sf 


to" and 16" X 13" 

16S 


43 per cent 


30 per cent 


These results show that good efficiency can be obtained wh 
the discharge velocity is lower than the initial velocity. The 
is no doubt, however, that considerable slippage losses occurr 
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water-friction losses will overcome any gain obtained by reduc¬ 
tion of the air-slippage losses. The velocity then is fixed be¬ 
tween two rather indefinite limits, and all 
that remains to be said is, that as the 
ascending air volume increases, the col¬ 
umn velocity should increase also and 
thereby'minimize the sum of the air-slip¬ 
page and water-friction losses. 

In a discharge pipe of uniform diameter 
from bottom to top,. the velocity increases 
as the column ascends, thereby meeting the 
j requirements just mentioned. In long dis¬ 
charge pipes of uniform area, the velocity 
of flow becomes excessive as the top is 
approached, hence it would appear advan¬ 
tageous to gradually increase the pipe 
diameter as it ascends. Some authorities 
.seem to think that a column velocity of 
from six to twelve feet per second at the 
bottom, and from eighteen to twenty-five 
feet per second at the top is productive of 
good efficiency. Prof. Elmo G. Harris in 
Compressed Air states that an efficiency 
of 45 per cent was obtained in a well at 
Rolla, Mo., which was so piped that an. 
initial velocity of 9.5 feet and a discharge 
velocity of 22 feet per second were ob¬ 
tained. The well and pipe details are 
shown in Fig. 57. This is indeed a re¬ 
markably high efficiency, the lift consid¬ 
ered, and, in fact, is considerably higher 
than any the writer has found under simi¬ 
lar conditions. 

The author had occasion to test the air-lift plant, shown in Fig. 
58, of the Mississippi State Insane Hospital at Jackson, Miss. 
The velocity at the lower end of the discharge pipe was 11.4 feet 
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To illustrate the steps in designing an air-lift plant, assume a 
set of conditions as follows: 

Depth of well, feet. $ 0o 

Diameter of well, inches, no reductions. 8 

Diameter of strainer, inches. 7 j 

Length, feet. 40 

Located below ground surface, feet.... 450 

Gallons of water per minute. 250 

Static head, feet.... 

Pumping head, feet. 5- 

Vertical lift above ground, feet. 10 

Horizontal distance, feet. 200 

Location of compressor from well, feet. 500 
Type of compressor.. .Straight-line,'steam-driven 

The total lift,.neglecting friction, is 75 feet. The first thing 
to be computed is the air pressure and, to do this, submergence 
must be fixed or assumed. Under conditions as stated about 65 
per cent submergence is a good selection. The submergence in 
feet will be 1,5 X 75 = 112.5 un( l the operating pressure, neglect- 

( f/2 

— X 0.434V will be 112 3 X 

0.434 - 48.8 pounds. The length of air line from well top to 
lowei end is 112.5 '1" f>5 “ 1 77*5 feet and the discharge line, 
112.5 + 75 - ' 87-5 feet, To the bottom of the discharge line 
should be added about twenty feet of straight pipe having a bell 
mouth to reduce the entrance losses of the water. 

I he number of cubic feet of free air necessary is next to be 
ascertained. This may be computed by substitution in one of 
several empirical formulas. A very good formula proposed in 

part by Mr. Ed. Rix and in part by Mr. T. H. Abrams is as 
follows: 

Clog# ±J4 (s8) 

34 

where 


V a - cubic feet of free air per minute (piston displacement) 
per gallon of water; 
h ■» head in feet; 

C =» constant; 

B » submergence in feet. 
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in. this installation and particularly at the point of increase in 
size of casing. The results of a test, made with an 8-inch dis¬ 
charge pipe extending from the swadge nipple to the point of 
overflow, would have been interesting. 

In designing well piping practical limitations often make it 
impossible to exercise sufficient care. The bore of the well is 
usually small, hence the diameter of the pipe it will accommodate 
is very much limited. Then, too, standard pipe sizes prohibit 
nicety of design even were well diameters sufficiently large. 
The air line should be as large as possible for obvious reasons. 
An air velocity of 30 feet per second is considered good practice, 
but lower velocities should be employed when possible. 

Practical Design. — With the formula, tables and other 
information given in this and preceding chapters, it is a simple 
matter to prepare designs that will be safe in practice and within 
5 to xo per cent of the highest obtainable efficiency. Best 
efficiency may be obtained only by running tests and making 
changes that the results indicate after the plant has been 
erected. 

The data necessary for intelligent recommendations are as 
follows: 

1. Number of wells to be pumped; 

2. Entire depth of each; 

3. Inside diameter of casing at top and bottom and, if diam¬ 
eter is reduced, to what depth is reduction made, and to what 
diameter; 

4. Location, length and diameter of strainer, if used; 

5. If no strainers are used, to what depth well is cased; 

6. Gallons of water per minute to be pumped; 

( 7. Static and pumping heads; 

8 . Distance from contemplated location of compressor to 
wells; 

9. Horizontal and vertical distances that water is to be con¬ 
veyed after leaving mouth of well; 

10. Type of compressor preferred. 
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;ing the volume of compressed air passing through the 
de per second (formula PV = P l V 1 will apply) and adding 
the number of cubic feet of water per second pumped, 
ssume an initial column velocity within the limits given, 
ite in the formula and solve for a as follows: 

Q = av 

0.425 + 0.56 = a X 9 

a = 0.109 square feet = 15.7 square inches. 

7 square inches is the net area required for mixed air and 
ravel. Since the air line is to be suspended inside the 
•> e pipe, the outside area of the former must be added to 
jare inches to give the total area of discharge pipe re¬ 
in Table 14, Chapter VII, the outside area of if-inch 
M64 square inches, hence the total area of discharge pipe 
; of admission of air must be 15.7 + 2.164 = 17.864. 
i, referring to I able 14, it is seen that the area of a 5-inch 
19.986 square inches, and of a 4]-inch pipe 15.961 
inches. Reducing these areas to square feet, substitut- 
he formula and solving this time for v, it is found that, 
g a 4§-inch pipe, the initial column velocity would be 
o feet per second and, by using a 5-inch pipe, the initial 

W0U . k l ! >C about 8 feet I )Cr second. Both pipe sizes, 
Ford initial velocities within the limits of what is con- 
good practice, and the question now is, which of the 
s is the better for practical purposes, 
liseharge velocity for a pipe of uniform diameter of 5 
vould be about 21 feet per second, while the discharge 
of a 4^-inch pipe would be about 27 feet per second. 

1 4! discharge should be increased at a point where the 
is about 20 feet per second to 5 inches in order to lower 
harge velocity and likewise lower the water-friction loss. 
>oint where the discharge pipe is increased, there occur 
te to sudden expansion of section and also eddy losses, 
luse additional air slippage; therefore, it is best where 
il and discharge velocities are within the required limits, 
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The values of C for various lifts are given as follows: 


io to 60 feet inclusive. 245 

61 to 200 feet inclusive.... 233 

201 to 500 feet inclusive. 216 

501 to 650 feet inclusive. 185 

651 to 750 feet inclusive. 156 


Substituting the values of the present assumed conditions and 
the calculations therefrom for the symbols in the formula we 
have: 


, X12.5 + 34 

233 log- 0 

34 

and solving: 

V a = 0.51 cubic feet per gallon. 

The free air capacity per minute required for the well is 
0.51 X 250 = 127.5. 

Regarding air-pressure and free-air-capacity requirements, it is 
well to add in passing that a compressor of from io to 15 per cent 
reserve capacity in both be selected for future contingencies. 
This because at some not distant date more wells may be drilled 
in the same stratum by other parties in the neighborhood an d 
lower the pumping head of the present well, or the p um ping head 
may be lowered by geological causes, as often happens. This 
would necessitate changes in piping and consequent increase in 
air volume and pressure. An 8" and g" X 12" compressor oper¬ 
ating at r6o revolutions per minute has a capacity of r42 cubic 
feet of free air per minute at 50 to 75 pounds pressure. This 
machine would fit the requirements very satisfactorily. 

The surface air line, designed according to principles given in 
a succeeding chapter, will be 2 inches in diameter. This size 
will convey the air with a pressure drop of about 1.3 pounds 
between receiver and well top. Inside the well, a ij-inch line 
will convey the air at a velocity of about 29 feet per second with 
a pressure drop of about x.5 pounds between well top and the 
lower end of the air line. 

The water-discharge-pipe size may be determined by first 
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as they are here in 5-inch pipe, to use a discharge line of uniform 
diameter. In other words, unbroken velocity lines are preferable 
to broken ones. 

The conditions in the installation in question demand that the 
water be raised 10 feet above ground and transmitted horizon¬ 
tally a distance of 200 feet. If a closed line were used between 
the well and the point of discharge the friction imposed would be 
excessive; for it will be remembered that the-velocity of flow at 
well top is 21 feet per second. Besides this loss, when air and 
water are transmitted horizontally and especially after striking 
an obstruction, the air rises to the top of the pipe and rides 
over the water, consequently considerable energy is dissipated. 
This may be overcome by extending the pipe vertically from 
the well a certain distance in addition to the ten feet and there 
separating the air from the water. The friction loss then to be 
contended with is only that of the water. The additional height 
of pipe necessary is the sum of the water friction head and the 
head required to produce the flow of water. Using a 5-inch 
surface line, this amounts to, including four elbows, 


*-'sn 

= 3-oi + 0.924 + 0.3 = 4.23 feet 


or say, for safety, 4 feet, 6 inches. 

This additional 4 feet 6 inches to be pumped against reduces 
the submergence percentage to 58.6 per cent and increases the 
pumping head to 79.5 feet. Water-friction losses in the well 
have been disregarded as it is impossible even to estimate these 
intelligently. Fig. 59 shows the completed design. 

As before stated, it is well to install a discharge line some 20 
feet deeper than the air line; so that, when finally adjusting the 
submergence from tests, only the air line will have to be handled. 

Very often on starting a well after a period of idleness, large 
quantities of sand are discharged with the water. To prevent 
this sand from clogging the horizontal line or being conveyed to 
the reservoir, the valves shown by A, B and C in Fig. 59 are in- 
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sand that may have found its way into the well, and also loosen 
and remove sand that may have become packed on the outside 
around the strainer walls. 

Figures 60, 61 and 62 show various other methods employed 
for conveying water horizontally and vertically after leaving 
the well. In Fig. 62 the air-lift is shown discharging in a tank 
elevated some distance above the ground surface. This arrange¬ 
ment is seldom to be recommended because, as will be seen later, 
the efficiency of pumping falls off rapidly as the lift is increased. 
It is best to pump to the surface, or only a few feet above, with 
the air lift and then employ other and more efficient apparatus 
for further elevation. 
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stalled. By closing C and A and opening B, the sand-laden water 
is allowed to go to waste, and after clearing, the water is per¬ 
mitted to flow to the reservoir by closing B and opening C and A. 


At regular intervals the well 


should be washed out; otherwise 
sand will pack around the strainer, 
both inside and out, and restrict 
the water flow. Washing can be 
done very effectively by closing 
all three valves in the discharge 




Fig. 6r. 


Fig. 62. 


line and operating the compressor at maximum speed. When 
the highest allowable pressure is reached, suddenly open valve 
jB, then, after the head has been blown off and the pressure 
reduced, close B and repeat the operation as long as sand appears 
with the water. When all surface outlets are closed and, as the 
air pressure builds up, the water is forced back through the 
strainer into the stratum; when the surface valve is opened, the 
water rushes back through the strainer into the well. The con¬ 
tinuous outgoing and incoming rush of water will remove any 
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Fr en <lata obtained fr-rn 4 nurnWr 
<4 > * ,.•! this system ol piping made 

I ihr auibif in different; U*aiitie» and 
<i«cntmj( under van ing condition* of 
fill and yields, the curves shown in 
I'ig 6,4 have been plotted The upjjwr, 
m uibmcrgence, curve is the average 
fine drawn through the points of most 
advantageous jierccntagcs of submer¬ 
ge rm t fijund at various pumping heads. 
The kmr t* or efficiency, curve is also 
the average line drawn through effi- 
■ocfi4% |*..jinis ccwrcsf winding to the sub¬ 
mergence jicrcentages. The curves 
five m eat client idea of what may 
lie rtfwtad from the system under ail 
tonditkin* of lift up to 650 feet ami 
aW show the submergences necessary 
to best economy at each lift- They 
will be found quite useful in design 
and installation, but must not be taken 
as absolutely accurate and final, for 
they are intended to illustrate average 
remits obtained from a number of 
te-su, ami local condition in any 
sfiecihc instance may necessitate de- 
viatiocuL 

Table ts was compiled from these 
curves. A table of this sort is erf 
, <i>4 ItTablc more value than approx* 
srnate empirical formulae, because the 
vaJ nsi an teased on practical trials arid 
■iv.'4 4epefM:ient upon constants that 
Jy embody a much too high factor 
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*4 safety. The tree air volumes are actual and, in computing 
«. " ; * sa* -r sizes, corrections must be nude for vohunetric effi- 


CHAPTER VII 
PUMPING SYSTEMS 
CENTRAL PIPE (OPEN END) SYSTEM 

A system of well piping very often found is that shown in Fig. 
63. It consists, as shown, of a discharge line suspended from 
flange C, inside of which, suspended from an elbow, is the air 
line. Sometimes the discharge line is dispensed with and only 
the air line is suspended from the well top. In such installa tions 
the well casing serves as the discharge line. At best this system 
is a rough and ready affair with nothing but its simplicity to 
recommend it. Probably the inefficiency is largely accountable 
to the sudden change in direction of flow that the air must take 
to follow the water upward and out of the discharge pipe. The 
down coming air strikes the upward moving water column and 
undoubtedly, it is considerably retarded in its flow. 

Performance. — A test on this system was run by the writer 
on a well owned by the Houston Ice & Brewing Co., at Houston, 
Texas. The methods of conducting the test, making observa¬ 
tions, etc., were quite the same as previously described. The 


results were as follows: 

Total depth of well, feet,.. 610 

I diameter of easing, inches. 8 

Diameter of discharge pipe, inches. 3§ 

Diameter of air pipe, inches... ii 

Length of discharge pipe, feet. 355 

Length of air pijxs, feet.. 320 

Static head in well, feet..... 85 

Distance above surface water lifted, feet. 9 

Total pumping head, feet... 115 

Starting pressure at well, pounds. 107 

Operating pressure at well, pounds.. 94 

Gallons of water per minute pumped... 120 

Actual cubic feet free air per minute.. 74-5 

Submergence, per cent.. 6$ 

A.H.P. by indicator diagrams. 12.1 

A.H.P. (isothermal)..... 9*5 

W.ILP........ 3*6 

Pumping efficiency, per cent...' 37 

Over-all efficiency, per cent... 29.7 
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■ and leakage. Also, the air pressures given must be cor- 
for frictional losses. 

1 Saunders’ System. —This system has been discussed in 
ious chapter. A practical installation is shown in Fig. 65. 



Fig. 64. 

scharge line is suspended from the flange C and the com- 
1 air is admitted by means of the special fittings attached 
well top. One of the main objections to the Saunders’ 
. is the likelihood of air leakage through the well casing, 
icessfully operate the system in a well having a defective 
it is necessary to install an auxiliary pipe line inside the 
and admit the air between this line and the discharge 

ormance. — A test of the Saunders’ system was made by 
Iter on oil well No. 32 of the Crowley Oil & Mineral Co., at 
eline, La., and the results published in the Proceedings of 
xerican Society of Mechanical Engineers, Vol. 31, page 3x1. 
mary of the results is as follows: 
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Total depth of well, feet .... 180$ 

Diameter of easing, inches ,.. *. 6 

Diameter of discharge pipe, inches,.,, 4 

Length of discharge {iij k\ feet.. 1513 

Total flumping heat!, feet........... 1135.5 

Ojierating air pressure at well, pounds 153 
G&lhms of fluids pumped per minute, 32 
Weight «if one gallon of fluid, pounds, 8.7 

Percentage of salt water in fluid. .... 87.3 

Percentage of .sand in thud . .... 2,2 

Percentage of crude oil in fluid10,5 
Specific gravity of oil ..... ........ 0.9 

Actual t uhic feet of free air per minute 573,5 

Percentage of submergence .. 25,0 

AJI.P, by indicator diagrams.. 107,5 

AJi.P. dsothermali....... S9.5 

WJi.P... . 9-97 

W ILP. 

Pumpingt'llurmy, - A . n ,,., (i!MlUlcrmiUj !I ^ 
Overfull rfticiency, r J.. .. 9.3 


1 , ' Figure 66 is the Hubmcrgena? and 

.~*-***. •' : efficiency curves plotted as before ex- 

1 ; plains!, Table i.i was lomputed from 

the curves iit the manner explained. 

The Pohle System. — explanation 
uf the principle and at lion of this 
| system has already been given. Fig. 
nS shows a practical installation and 
C*. />. and li "f the same figure are 
various typrs of foot pieces sometimes 
| employed The writer has never tested 
either types /> *»r E. 1 lie results fol¬ 
lowing were obtained from tests on the 
other two tyj>es shown. 

/ „A Performance. A test of the Pohle 

system «f tyj*e shown at I , 1’ig. (»", 

.1 * ' * vras nude by the writer in one of two 

1 ( >i' wells owned by the Armstrong !*a< king 

Co., at llallas, Texas. The methodsemployed were identical with 
those before mentioned. A summary of results is as follows: 
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Total depth of well, feet. 729 

Diameter of casing, inches. 8 

Diameter of discharge pipe, inches. . 31 - 

Diameter of air line, inches. 1J 

Length of discharge line, feet. 350 

Length of air line, feet. 336 

Total pumping head, feet. 121 

Starting pressure at well, pounds. 102 

Operating-pressure at well, pounds. 90 

Gallons of water pumped per minute. 135 

Actual cubic feet of free air per minute.. 85 

Submergence, per cent. 64 

A.H.P. by indicator diagrams. 12.5 

A.H.P. (isothermal). 10 7 

W.H.P. 4<I 

Pumping efficiency, % 37 -S 

Over-all efficiency, %. 32.8 



Fig. 66 . 

Figure 68 shows the curves plotted from a number of such 
tests and in Table 14 are the results computed^from the curves. 

Central Pipe (Perforated End) System. — Fig. 69 shows the 
usual installation of this system. The air and discharge piping is 
suspended as in the open-end system. Near the end of the air line, 
a number of holes one-eighth of an inch in diameter are drilled. 
The sum of the areas of the holes so drilled should be equal to at 
least one and one-half times the area of the air pipe. It is best 
to leave from 6 to 8 feet of blank pipe with lower end open, 




















TABLE 14 

Pohle' System 
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Total depth of well, feet. 729 

Diameter of casing, inches. 8 

Diameter of discharge pipe, inches. . 3 i 

Diameter of air line, inches.. ij 

Length of discharge line, feet. 350 

Length of air line, feet. 336 

Total pumping head, feet. 121 

Starting pressure at well, pounds. 102 

Operating pressure at well, pounds. 90 

Gallons of water pumped per minute. 135 

Actual cubic feet of free air per minute.. 85 

Submergence, per cent. 64 

A.H.P. by indicator diagrams. 12.5 

A.H.P. (isothermal). 10 7 

W.H.P. 4.1 

Pumping efficiency, % 37-5 

Over-all efficiency, % . 32.8 



Figure 68 shows the curves plotted from a number of such 
tests and in Table 14 are the results computedjfrom the curves. 

Central Pipe (Perforated End) System. — Fig. 69 shows the 
usual installation of this system. The air and discharge piping is 
suspended as in the open-end system. Near the end of the air line, 
a number of holes one-eighth of an inch in diameter are drilled. 
The sum of the areas of the holes so drilled should be equal to at 
least one and one-half times the area of the air pipe. It is best 
to leave from 6 to 8 feet of blank pipe with lower end open, 
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below the preforations; for if the lower end is plugged, scale and 
dirt from the air line will accumulate and will eventually clog the 
small openings. With the extension of the pipe no air will reach 
the pipe end, but instead, will follow the path of least resistance, 
which is through the holes. This is indicated in Fig. 69. 

The small openings mentioned divide the air bulk into small 
streams and thoroughly aerate the column. Considerable gain 
in economy over other systems is realized thereby, as may be seen 
by comparison of the curves and tables. 

Performance. — A test was made by the writer on one of 
two oil wells operated with this system and owned by the Mamou 
Power Co., of Evangeline, La. The methods employed in test¬ 
ing were identical with others mentioned, with the exception 
that the fluid pumped was measured by means of an x 8-inch 
rectangular weir. 
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PUMPING BY COMPRESSED AIR 



Fig. 69. 


Total depth of well, feet.. 1900 

Diameter of casing, inches. 6 

Diameter of discharge pipe, inches. 4 

Diameter of air line, inches. ij 

Length of discharge pipe. 1510 

Length of air line.. 1492 

Total pumping head... 895 

Operating air pressure at well, pounds... 250 

Gallons of fluid per minute pumped.... 45-2 

Weight of one gallon of fluid, pounds.... 8.72 

Percentage of salt water in fluid.. . 87.7 

Percentage of sand in fluid. 1.2 

Percentage of crude oil. 11.1 

Specific gravity of oil. 0.9 

Actual cubic feet of free air per minute . 326 

Percentage of submergence. 39.8 

A.H.P. by indicator diagrams. 74.5 

A.H.P. (isothermal). 60.7 

W.H.P. 10.6 

Pumping efficiency, % xgj^gjbsjj 
Over-all efficiency, % . 14.3 


Figure 70 shows the submergence and 
efficiency curves plotted from such tests 
as this one, and in Table 15 are the results 
computed from the curves, as before. 

Summary.—Fig. 71 shows all the 
efficiency curves plotted on one sheet. 
This gives an excellent comparison of 
the various systems, and the curves 
taken as a whole will be found very 
accurate statements of the possibilities 
of the air lift in-so-far as economy of 
operation is concerned. ,Th£_£iuy^ 
show that the efficiency of all systems 
decreases witli* an increasing discharge 
head, other conditions remaining con¬ 
stant. It must be remembered that 
these curves are plotted from the results 


of tests of a large number of wells and every point represents the 


average results of a separate test. 
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'he efficiency curve plotted from tests in any particular well 
be quite different. In nearly all the wells tested by the 
.nor, the efficiency increased with the lift up to a certain point, 
further lift increase was accompanied by efficiency decrease, 
s is clearly indicated by the results of the test made on the 
. at Hattiesburg, Miss., given in Chapter V. 
pecial Applications. — The air lift is very often employed 
;he lifting and transmitting of many fluids and semi-fluids 



er than water. In a mine in Mexico, sand mixed with 
mall percentage of water is pumped with compressed air. 
e Colorado School of Mines Magazine describes this outfit in 
1 nection with the diagram reproduced in Fig. 72. The arrange- 
nt of piping, lift and other details are fully shown in the 
ire. The volume of air necessary to do the work was from 
to 3 cubic feet of free air to each cubic foot of sand or slime, 
I the air pressure necessary was 28 pounds. 

In Railway and Locomotive Engineering, a device for transfer- 
g grain with compressed air is described. Fig. 73 shows the 
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The operation consists in lique¬ 
fying the sulphur by either melt¬ 
ing or dissolving and pumping 
the mixture to the surface into 
closed tanks, where the sulphur 
is settled. . The hot water is 
drawn off the top and goes 
through the heaters again and 
thence to the well, again liquefy¬ 
ing the sulphur, and so on. 

For lifting the fluid compressed 
air has been found more satis¬ 
factory than either a horizontal 
or a vertical plunger pump. In 
Fig. 74 is shown the air-lift 
applied to this service. 

The well casing extends a short 
distance into the sulphur and 
is there anchored. The uncased 
hole is continued down to the 
bottom of the stratum of sulphur 
and, next, the well is piped, as 
shown. Steam is admitted be¬ 
tween the discharge line and well 
casing, and in a short time the 
sulphur is melted by it. The 
liquid sulphur fills the hole and 
rises up in the discharge pipe 
when air is admitted, and the 
mixture of molten sulphur and 
steam is lifted to the surface 
where the two are separated. 
Besides melting the sulphur, the 
steam also assists in tire actual 
pumping. 



Sulphur 
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arrangement in detail. The lower air nozzles lift the grain to 
the elbow at the top, and the horizontal nozzle at that point 
furnishes a blast that transmits the grain horizontally to the 
desired place. It is said that the device, when supplied with air 
at 90 to xoo pounds, will do the work of five or six men. 

Three combination patents on systems of mining sulphur 
have been granted to Mr. Herman Frasch. All systems consist 



Fig. 73. 


of a bored well penetrating the sulphur, closed surface discharge 
tanks and some means of pumping. In patent No. 461,429 the 
pump used is the familiar vertical direct-acting type with the 
plunger attached to rods and operating in a working barrel in 
the well; and in patent No. 461,430, a horizontal, hot-water 
steam pump is used to force the liquifying agent into the well 
and out of the discharge line. 
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arrangement was made to obtain well 
conditions such as are met within the 
field, but, obviously, this was impos¬ 
sible. No head drop was provided, 
the lifts were low and the quantity of 
water pumped very small. While such 
experiments are always interesting, it 
is hardly fair to condemn an appliance 
when tested under conditions that 
were not contemplated when the de¬ 
sign was prepared. 

The Bacon System. — In 1895, 
James E. Bacon was granted a patent 
(No. 542,620) on an air-lift system, 
which consisted of a discharge pipe 
installed as in the Saunders’ system, 
and provided near the lower end with 
a hole, thus admitting air to the water 
column before the surface of the water 
outside the pipe had been lowered to 
the end. The Hudson Engineering & 
Contracting Co. now manufacture an 
improved Bacon System, the details 
of which are shown in Fig. 75. Air is 
forced between the discharge pipe and 
either the well casing or the auxiliary 
pipe, which latter is shown installed. 
The water level is lowered until the 
holes in the foot piece are exposed, 
when, immediately, air is admitted 
to the water column, and operation 
begins. 

The holes divide the air volume 
into a number of fine streams, and 
thorough aeration results. The bell 
mouth of the foot piece has for its ob- 
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Fig. 76. 






CHAPTER VIII 

COMMERCIAL SYSTEMS 

Several companies specialize in the manufacture of air-lift 
pumps for which are made more or less elaborate claims of 

-_ superior economy. Tests comparing per- 

''*P\ formances with one or more of the sys- 

\ \ terns described in Chapter VII are often 

_i i_ published to substantiate the claims. 

T J Alr These manufactured systems consist of 

_ W - specially-designed head and foot pieces 

and in some, claims of superior efficiency 
p|| fUl are based upon refined designs of nozzles 

| \ l| and deflector tubes properly placed in the 

Ifl H foot piece. Whether or not any material 

! ■ __Spl gain can be so obtained has been the cause 

p| ff| of considerable discussion and in a paper 

'll entitled An Investigation oj the Air Lift 
V Pump, by Professors Davis and Weidner, 

it is stated, after considerable experiment¬ 
al JJ ing, that * ‘ The type of foot piece has very 

_ [ > ®§ ii t tie effect on the efficiency of the pumps, 

* ! U I ' so long as the air is introduced in an 
l I efficient manner and the full cross-sec- 

I 11_l ; y I tional area of the eduction pipe is realized 

t 1 1 i for the passage of the liquid. Anythmgm 

; JilL the shape of a nozzle to increase the kinedc 

*' IG - 75 ‘ energy of the air is detrimental. itie 

experiments on which this .condusionbased^ were - 

in the laboratory of the University o ^ possible 

was constructed above the ground surface, fcvery p 
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by the Harris Air Pump Co., and is shown in section in Fig. 76. 
The arrows indicate the air and water travel and illustrate the 
aerating process. By enlarging the body of the pump around 
the air tube, uniform area for the travel of the water is obtained. 

Figure 77 shows a Harris pump installed on the end of the dis¬ 
charge line in a well. The well-top connections are also shown. 
The branch pipe B tapped into the main line admits air be¬ 
tween the well casing and discharge pipe, thus putting an outside 



Fig 78. 


pressure cm the water surface. It is claimed that this auxiliary 
pressure prevents surging of the water and thereby steadies the 
flow from the well. The author has tested the system with and 
without the outside pressure and finds no appreciable difference 
in efficiency. 

Figure 78 is the flow from a well of the Indianapolis, Ind., 
Water Works equipped with the Harris system. 

Figure 79 is a drawing of an air-lift plant installed by the 
Harris Air Pump Co., at Shirley, Ind. The well is equipped with 
the Harris pump and in a pit near the well is installed a Harris 
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ject the reduction of entrance losses of the water. No air pipe 
is employed 'in the well, and consequently, the friction losses 
of air in this pipe are eliminated and the full area of discharge 
pipe is available for water travel. 



The Harris System. — In 1904, W. B. Harris was granted a 
patent (No. 814,601) on an air pump, which consisted of an 
ejector arrangement and contracted passageway. The pump, 
somewhat improved over the original design, is manufactured 
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pneumatic displacement pump. The water is pumped from 
the well and flows by gravity into the displacement pump, and 
is then pumped up into an overhead tank. The operation is 
entirely automatic. 

The motor driving the compressor is fitted with a pressure 
control so that variation of water level in the overhead tank 
starts and stops the system. 

For raising water from the well above the surface of the ground, 
the Harris Air Pump Co. sometimes install their booster system. 
This arrangement consists of an enclosed tank attached to the 
well top into which the mixture of air and water is pumped. 
The air is separated from the water and the former, rising to the 
top of the tank, exerts a pressure on the water surface lifting it 
the required height. The water volume in the tank is regulated 
by a float valve. When excessive air accumulates and the water 
level is lowered, the valve is actuated and the surplus air is allowed 
to escape to the atmosphere. Fig. 80 shows the arrangement. 

The Weber System. — Materially different in. construction 
and operation from any air lift yet described, is the system manu¬ 
factured by the Weber Subterranean Pump Co. The principle 
of operation is identical with that of the displacement pump. 
In fact, it is actually a deep well displacement pump. 

Figure 81 is a broken section of the foot piece and Fig. 82 is a 
diagram of a two-well installation. The return-air principle is 
here employed and the air is “switched” from well to well and 
the exhaust from each well is admitted to the compressor suc¬ 
tion by the reversing valve shown. When lifts are very high, 
the system is installed in stages. 

Tests.—The author has tested a number of wells equipped 
with two of the makes of commercial systems described, and the 
results in some instances show them to be from 10 to 30 per cent 
more efficient than the systems described in Chapter VII. In 
other instances the efficiencies were about equal but in no 
instance was the efficiency lower. Experience seems to indicate 
that the superiority of the manufactured systems becomes more 
evident as the lift is increased. 
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from the compressor. A larger number 
of wells or pumps scattered over a 
considerable area may consequently be 
operated from a central plant. This 
centralization of machinery and effort 
makes for a considerably lower operating 
cost than that of independent plants 
placed at each well which would be nec¬ 
essary if either steam-driven or centrif¬ 
ugal pumps were used. 

Temperatures. — The air-lift handles 
with equal facility liquids of all densities 
and temperatures. In fact, some ad¬ 
vantage in efficiency is gained by hand¬ 
ling hot fluids. The air absorbs the 
heat and expands in proportion. 

Capacity. —> Owing to the fact that 
there is little in the well to obstruct the 
water flow and further owing to the high 
velocity of travel, a larger quantity of 
water may be pumped from a well with 
the air lift than can be pumped by any 
other apparatus. The total capacity of 
the weir may be pumped and conse¬ 
quently the air lift is invaluable for test¬ 
ing wells. 

Aeration. — The expanding air in the 
discharge pipe abstracts heat from the 
water and hence lowers the temperature. 
It has been found that the temperature 
reduction amounts to from 3 to 5 degrees 
and sometimes even more. This in¬ 
creases the value of the water for con¬ 
densing purposes. 

Another advantage of thorough aera¬ 
tion is that the quality of water is im- 
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Conclusion. — The advantages obtained by using compressed 
air as a me ans of pumping are many, but like all other systems, 
there are also objectionable features. Summarizing from pre¬ 
ceding pages, advantages and limitations are, briefly, as follows: 



Fig. 80. 

Advantages — Long Distances. — Owing to the compara¬ 
tively small losses encountered in transmitting air through prop¬ 
erly-designed pipe lines, both the air-lift and the displacement 
pump may be operated efficiently when located at long distances 
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proved, by oxidation of impurities, such as iron. Many in¬ 
stances are on record where well water was unfit for domestic 
use until after the installation of the air lifts. 

Maintenance. — There arc no moving parts or wearing 
surfaces in the well, and, therefore, the cost of upkeep and 
repairs is negligible. The absence of moving parts makes the 
air lift particularly adaptable to handling gritty liquids, sewer¬ 
age, acid or alkaline solutions and, in fact, any liquids or semi- 
liquids 'whatever. No form of mechanical deep-well pump can 
accomplish this without excessive repair cost and expensive shut¬ 
downs. 

Limitations — Submergence. — One of the most serious 
handicaps to the air lift is the high percentage of submergence 
necessary to proper operation. On this account, installation in 
shallow wells with comparatively high lifts is impracticable. In 
surface pumping, the difficulty may be overcome by staging the 
lift, but the small diameter will not permit of staging inside of a 

well. 

Efficiency. — While the actual pumping efficiency of the air 
lift is admittedly low, still the over-all efficiency figured from the 
power end of the compressor to water delivered in the reservoir 
and talcing into account upkeep and repairs, compares most 
favorably with any other means of deep-well pumping. 

Surface Pumping.—The losses encountered in transmitting 
water Horizontally and vertically at, and above, the ground sur¬ 
face have already been pointed out. It is unwise to so employ 
the air lift without making special arrangement as shown and, in 
fact, the air lift is not adaptable to nor intended for such work. 
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Combining Charles’ and Boyle’s laws, we have the formula 


PV _ P1F1 
T T 1 


(60) 


Joules’ Law. — When a perfect gas expands, doing no external 
•work, the temperature remains constant. For instance, in the 
equation 

PV _ PiVi 
T Ti 


if T = T\, we have PV = P1F1, which is the law of expansion 

of a perfect gas. 

Specific Heat. — The specific heat of a substance is the 
amount of heat (B.t.u.) that is required to raise the temperature 
of one pound of the substance through one degree Fahrenheit. 
Specific Heat at Constant Volume C v • — In the equation 

PV = PfV\ 

f Ti 


P Pi 

if V = Fi, then we have — = —which is the law of Charles. 

1 1 l 

Suppose we have a certain volume of air contained in a 
sealed receptacle and the temperature is raised x° F. The 
pressure is thereby raised according to the above law, and the 
intrinsic energy of the air is increased. No work is done, how¬ 
ever, because work equals pressure multiplied by distance, and 
by our supposition, the latter factor is zero. The specific heat 
at constant volume, then, of air is the amount of heat (B.t.u. or 
fraction thereof) that is required to raise the temperature of one 
pound of the air through i° F., the volume being kept constant 
as above. C. for air is found by experiment to be 0.169. 

Specific Heat at Constant Pressure C p . — Assume in this 
instance, that we have a vertical cylinder containing a quantity 
of air and resting on the air, is a frictionless piston of constant 
weight, or pressure P. If the air is heated, the volume will 
increase, moving the piston outward and external work is per¬ 
formed. The specific heat at constant pressure, then, of air is 
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COMPRESSION GENERALITIES 


While it is not the intention to go into the subject of com¬ 
pressed. air, and the thermodynamics thereof, elaborately, still 
there are certain principles and laws that should be stated 
briefly. On the following pages are given the basic laws 
and form ula; of air compression that must be recognized when 
desig nin g and installing compressed-air pumping plants. It is 
naturally assumed that the reader is familiar with such funda¬ 
mental definitions and expressions as are necessary to a com¬ 
prehensive study of the subject. 

Boyle’s Law .—At constant temperature the volume of gas is 
proportional to the absolute pressure, or PV = PxVx, where 

P = initial absolute pressure in pounds per square inch; 

V = initial volume in cubic feet; 

Pi = final absolute pressure in pounds per square inch; 

V\ = final volume in cubic feet. 


In other words, the law expresses the fact that if the pressure 
on a cer tain enclosed volume of gas is doubled, the volume will 
be half the original volume (if the temperature is kept constant 
meanwhile), or conversely, if, at constant temperature, the 
pressure is reduced by half, the volume will be doubled. 

Charles’ Law. — At constant volume the pressure of a perfect 
gas is directly proportional to the absolute temperature, or at 
constant pressure the volume is directly proportional to the abso¬ 


lute temperature, or: 


P = Pi 
T T x 


and 


V 

T 


Vi 

Tx 


where T and Tx are initial and final absolute temperatures in 
degrees F. 
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the air being compressed to increase the volume. Therefore, to 
write an expression for adiabatic compression, it is necessary 

that ~ be increased by an amount equivalent to the amount of 

external work done on the air by heat reaction during compres¬ 
sion. It has been shown in various works on thermodynamics 
that 

Z. - ZZlZ. where n = = 1.406 for air holds nearly true. 

Pi (V) n tv 

(See Perry’s work on the Steam engine.) 

Work of Adiabatic 
Compression. — Fig. 83 
shows a theoretical indi¬ 
cator card of an air cylin¬ 
der having no clearance. 

The total work done is 
equal to the work of com¬ 
pression shown by the 
area under the curve be; 6 
plus the work of expul- .4 
sion of the air from the 
cylinder shown by the 
area I\V t ; minus the work done on the piston by the intake air 
shown by the area 1 \V\. Then, calling Q the total amount of 
work, 

<>.4^ on ([£]”-,) (6.) 

and the horse power required to compress one cubic foot of free 
air per minute adiabatically is 



Isothermal Compression. — Isothermal compression is com¬ 
pression at constant temperature. In other words, it is com¬ 
pression wherein all heat is removed by some form of cooling 
device as fast as it is produced. The relation, then, existing 
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the amount of heat (B.t.u. or a fraction thereof) that is required 
to raise the temperature of one pound of the air through i° F., 
if the air is allowed to expand against a constant pressure. 
Therefore, C p = C + heat equivalent of external work, and for 
air has been found to be 0.237. C p and C v are measured in 
B.t.u.’s, so to obtain their equivalents in foot pounds it is neces¬ 
sary to multiply by 778, and the products for convenience of 
calculation are called K p and K v . 

Going back to our assumption of the cylinder and piston and 
assuming further that we have ( W) pounds of the air: in order 
that external work be done and the temperature raised i° F., it 
is necessary that W (C p — C v ) thermal units of heat be applied, 
or W (K p — K v ) foot pounds of work. In order to raise the 
temperature T degrees, W (K p — K v ) T foot pounds of work 
must be done on the air. Since work is equal to pressure through 
volume, we have 

Work = PV = WX (K P - K v ) X T°; 
or assuming ( K p — K v ) = R, we have the familiar formula 

PV == WRTj (61) 


Theoretically, air may be compressed in two ways — adia- 
batically and isothermally. 

Adiabatic Compression of air is compression without loss of 
heat . Consider, for instance, a perfectly insulated cylinder and 
piston having a full charge of air between piston and cylinder 
head. As the piston advances, the volume of air becomes 
smaller and the temperature rises, the former in inverse propor¬ 
tion to the absolute pressure exerted and the latter equivalent 
to the amount of work done. Under these conditions the air 
at the end of compression will retain all the heat so produced, 
and this particular compression is called adiabatic. In actual 
practice such conditions of compression are impossible. 


P V 

In adiabatic compression the law — = — is not followed 

“1 v 

strictly because as the temperature rises unchecked, it reacts on 
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the air being compressed to increase the volume. Therefore, to 
write an expression for adiabatic compression, it is necessary 

that •“ be increased by an amount equivalent to the amount of 

external work done on the air by heat reaction during compres¬ 
sion. It has been shown in various works on thermodynamics 
that 

P_ _ (Ylll w herc n = = 1.406 for air holds nearly true. 

Pi iy) n 

(See Perry’s work on the Steam engine.) 

Work of Adiabatic y ._. v 

Compression. — Fig. 83 " ' 

shows a theoretical indi¬ 
cator card of an air cylin¬ 
der having no clearance. , 

The total work done is 
equal to the work of com¬ 
pression shown by the 
area under t he curve be; h 
■plus the work of expul- <4 —— ! 
sion of the air from the 
cylinder shown by the 
area Pa Fa; minus the work done on the piston by the intake air 
shown by the area IWu Then, calling Q the total amount of 
work, 

Q - 498.7 Pi Vt ([ -*]'” - x) (62) 

and the horse power required to compress one cubic foot of free 
air per minute adiabatically is 



Isothermal Compression . — Isothermal compression is com¬ 
pression at constant temperature. In other words, it is com¬ 
pression wherein all heat is removed by some form of cooling 
device as fast as it is produced. The relation, then, existing 
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between pressure and volume at any instant is shown by the 

equation J 

PiVi - P % v t » c (64) 

Work of Isothermal Compression. - Fig. 84 is the theoretical 
/ t indicator diagram of iso- 

j\ thermal compression in 

j \ a cylinder having no 

j \ clearance. Compression 

j, ! \ begins as before at abso- 

j XV lute pressure P x and vol- 

| X. umc l 7 i and ends at 1 \ 

j _ ' _and r 2 . The total work, 

j j ~ Qi ln foot pounds dime 

k— . .. ~ . on { h e air is equal to the 

Fig. 84. " tdfiebraic sum of the 

, , , work of compression, ex- 

eqStion by ‘ hC int " kc a!r ’ and sh,,wn in 1» 

0- wWikfcg) (65) 

10 comira ™ cubfc *« “ f f ™ 

HP -V6^(A) («) 

Actual Compression with Clearance. - In the everv-d tv 

apph for irL COmPre ^r 11 ’ neithCr °‘ ‘ hC ,W ° fo ™" te 
aSitic or d “ iS " * cylindcr "herein either 

cylinder in wh,Vlf' ' COmprcssion be obtained. The 
jWfor J™ I',? “T 1 ia “W«d with a water 

1 P SSa“S, by ‘if'*“ d h « 

hatic ££ ‘ iS °’r mU and lhc 

of the water jacket th.T ' 9 de P“>* upon the efficiency 

water jacket, the temperature of the circulating water, etc. 
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TABLE 1 6 


Horse Power Required for Compressing One Cubic Foot of Free 
Air per Minute (Isgthermally and Adiabatically) from 
Atmospheric Pressure (14.7 Pounds) to Various 
Gauge Pressures 

Single-stage Compression 

Initial Temperature of Air Taken as 6o° F. *— Jacket Cooling Not 
Considered 


Absolute Number 
pressure, of atmos- 


Isothormal com¬ 
pression 


Mean 

effective 

pressure 


Adiabatic compression 


Mean 

effective 

pressure, 

theoreti¬ 

cal 


Mean 
effective 
pressure 
plus IS 
per cent 
friction 


II,p., 
theoreti¬ 
cal 

H.P. 
plus 15 
per cent 
friction 

Q.OH) 

0.032 
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the reexpansion of the clearance air, there is an amount of work 
qi returned to the receding piston, shown by the area bhg. 
Therefore, the net amount done by the piston is shown by the 
area ledh , or Q, and its value is given in the expression, 


Pi(Vi-Vz)n [m 
n — i \l Pi 


Now (Fi ~ F3) is the net amount of air drawn into the cylin¬ 
der. The horse power required to compress one cubic foot of 
free air per minute is shown by 




\W\Y% 


HEAD END 
125 R.r.M. 
AirRres. 78^ (abs.) 

6/21/09 

30#Sp. 


Figure 86 shows the actual air indicator card taken from a 
single-stage, straight-line compressor, having poppet inlet and 

discharge valves. The 

_ areas A and B represent 

A A \ \\ the amount of work neces- 

head end sary to open the discharge 

X 4\V%. 125 R.lP.M. j . i • i j i i 

\o\\Tv AtrT?res. 78 f (abs.; and the inlet valves, and 

\ \% 6/21/09 , . - , • 1 

\ \\ so^sp. ab is the volume occupied 

jl N \^S by the reexpanded clear¬ 
'd ance a ^ r * The volume 

S \ lying between the suction 

-line and the atmospheric 

line is the energy ex- 

„ panded to fill the cylinder 

Fig. 86. . , . 

with air. 

Tables 16 and 17 show the horse power, etc., required to com¬ 
press air from 14.7 pounds per square inch in pressure and 6o° F. 
up to various pressures, in both single- and two-stage com¬ 
pressors, employing both adiabatic and isothermal compression. 

Two-stage Compression. — It is evident now, that isothermal 
compression requires the expenditure of the least amount of 
work. As before shown, this form of compression is impossible 


|q \6 


Fig. 86. 
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in practice, but a material saving can be realized by compressing 
in stages and cooling the air between each stage. In this way 
isothermal compression is approached, as will be more fully seen 

later. 

In two-stage compression the air is drawn from the atmosphere 
into the first, or low-pressure, cylinder, and there compressed up 
to a certain point. It is then forced through an intercooler where 
the temperature is reduced by circulating water and thence 
drawn into the second or high-pressure cylinder where compres¬ 
sion is continued up to the desired terminal pressure. 



Work of Two-stage Compression. — An attempt is made in 
the design of two-stage compressors to divide the work equally 
between the two cylinders. Very often, however, actual working 
conditions are different from those contemplated, consequently, 
the equality is destroyed. In the following discussion it is 
assumed that the work is the same in each cylinder, and further, 
that the temperature of the air after passing through the inter¬ 
cooler is the same as that of the atmosphere. 

Figure 87 shows the cycle of operations of a two-stage machine 
designed as above. A volume Vi of air under pressure P 1 is 
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TABLE 17 

Horse Power Required for Compressing One Cubic Foot of Free 
Air per Minute (Isothermally and Adiabatically) from 
Atmospheric Pressure (14.7 Pounds) to Various 
Gauge Pressures 


Two-stage Compression 

Initial Temperature of Air Taken as 60 0 F. — Jacket Cooling Not 
Considered 


Gauge pressure, 
pounds 

Absolute pressure, 
pounds 

Number of 
atmospheres 

Correct ratio of 
cylinder volume 

Intercooler gauge 
pressure 

Isothermal 

compression 

Adiabatic compression 

Percentage of 
saving over one-stage 
compression 

Mean effective 
pressure 

H.P. 

Mean effective 
pressure, 
theoretical 

Mean effective 
pressure plus 

15 per cent 
friction 

H.P. 

theoretical 

H.P. plus 

15 per cent 
friction 

5 a 

64.7 

4.40 

2.10 

16.2 

21.80 

0.095 

24.30 

27.90 

0.106 

0.123 

10.9 

60 

74-7 

5.08 

2.25 

18.4 

23.90 

0.104 

27.20 

31.30 

0.118 

0.136 

II .3 

70 

84.7 

5.76 

2.40 

20.6 

25.70 

0.112 

29.31 

33.71 

0.128 

0.147 

12.3 

80 

94-7 

6.44 

2.54 

22.7 

27.52 

0.120 

31.44 

36.15 

0.137 

0.158 

13.8 

90 

104.7 

7.12 

2.67 

24-5 

28.93 

0.126 

33.37 

38.36 

0.145 

0.167 

14.2 

100 

H 4.7 

7.80 

2.79 

26.3 

30.30 

0.132 

35.20 

40.48 

0.153 

0.176 

15.0 

no 

124.7 

8.48 

2.91 

28.1 

31.42 

0.137 

36.82 

42.34 

0.161 

0.185 

15.2 

120 

134-7 

9.16 

3.03 

29.8 

32.60 

0.142 

38.44 

44.20 

0.168 

0.193 

15.6 

130 

144.7 

9.84 

3.14 

31-5 

33.75 

0.147 

39-86 

45.83 

0.174 

0.200 

16.3 

140 

154.7 

10.52 

3.24 

32.9 

34.67 

0.151 

41.28 

47-47 

0.180 

0.207 

16.7 

150 

164.7 

11.20 

3-35 

34-5 

35-59 

0.155 

42.60 

48.99 

0.186 

0.214 

16.9 

160 

174.7 

n.88 

3-45 

36.1 

36.30 

0.158 

43.82 

50.39 

0.191 

0.219 

18.4 

170 

184.7 

12.56 

3-54 

37.3 

37-20 

0.162 

44-93 

51.66 

0.196 

0.22s 

19.0 

180 

194.7 

13.24 

3.64 

38.8 

38.10 

0.166 

46.05 

52.95 

0.201 

0.231 

19.3 

190 

204.7 

13.92 

3.73 

40.1 

38.80 

0.169 

47.16 

54.22 

0.206 

0.236 

19.5 

200 

214.7 

14.60 

3.82 

41.4 

39-50 

0.172 

48.18 

55.39 

0.210 

0.24X 

20,1 

210 

224.7 

15.28 

3.91 

42.8 

40.10 

0.174 

49-35 

56.70 

0.216 

0.247 


220 

234.7 

15.96 

3-99 

44.0 

40.70 

0.177 

50.30 

57.70 

0.220 

0.252 


230 

244-7 

16.64 

4.0S 

45-3 

41.30 

0.180 

51.30 

59.10 

0.224 

0.257 


240 

254-7 

17.32 

4.17 

46.6 

4 I .90 

0.183 

52.25 

60.10 

0.228 

0.262 


250 

264.7 

18.00 

4.24 

47-6 

42.70 

0.186 

52.84 

60.76 

0.230 

0.264 


260 

274.7 

18.68 

4.32 

48.8 

43-00 

0.183 

53.85 

62.05 

0.235 

0.270 


270 

284.7 

19.36 

4.40 

50.0 

43.50 

0.190 

54 . 6 o 

62.90 

0.238 

0.274 


280 

294.7 

20.04 

4.48 

51.1 

44.00 

0.192 

55-50 

63.85 

0.242 

0.278 


290 

304.7 

20.72 

4.55 

52.2 

44.50 

0.194 

56.20 

64.75 

0.246 

0.282 


300 

314.7 

21.40 

4.63 

53-4 

45.30 

0.197 

56.70 

65.20 

0.247 

0.283 


350 

364.7 

24.8c 

4.98 

58.5 

47.30 

0.206 

60.15 

69.16 

0.262 

0.301 


400 

414.7 

28.2c 

5.31 

63.3 

49.20 

0.214 

63.19 

72.65 

0.276 

0.317 


450 

464.7 

r 31.6c 

5.6l 

67.8 

51.20 

0.223 

65.93 

75 .81 

0.287 

0.329 


500 

514.7 

r 35.01 

5.91 

72.I 

52.70 

0.229 

68.46 

78.72 

0.298 

0.342 
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The shaded area shown represents work lost, for, obviously, it 
has to be performed twice. The reduction in pressure of the air 
at the point of valve opening in the high-pressure cylinder is 
caused by cooling in the intercooler, and frictional losses through 



the valves and intercooler. The almost steady rise in pressure 
during the suction stroke of the high-pressure cylinder is prob¬ 
ably caused by heating of the air by the already hot valves, 
cylinder walls, piston, etc. 

Lengthy computations and derivations of formulae for work 
done in air compression are of little value in actual practice, but 
considerable benefit is derived from the study of theoretical 
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drawn into the low-pressure cylinder and there compressed to 
volume F 2 and pressure P 2 . The air is cooled and the volume is 
reduced to that shown by gc, which is equivalent to the volume 
obtained in isothermal compression from Pi to P 2 . The high- 
pressure cylinder then receives the air and compresses it up to 
pressure P4 and volume F4. The curve of compression follows 
the broken line edcb. 

Now, if the air were compressed in a single-stage machine from 
Pi to P4 the curve of compression would be ei (PF n = C), and 
the work done evidenced by the area aief. The work done in 
two-stage compression is shown by the area abcdef and the saving 
realized over single-stage compression is shown by the area 
bide. 

Let Qi and Q 2 = work in foot pounds to compress air in the 
low- and high-pressure cylinders, respectively; and Q — total 
work of compression. The value of Q, then is 

( 7 o) 


The horse power required to compress one cubic foot of free 
air per minute in this way, remembering that (Fi — F3) is the 
net amount of air drawn into the low-pressure cylinder is 


H.P. = 


7.8 (n ■ 




Figure 88 shows a combined air card taken from a 85-inch and 
125-inch and 14 by 16-inch two-stage air-end, duplex-steam end 
compressor operating at 115 r.p.m., and against a pressure of 
195 pounds (abs.). At the time the cards were taken, the 
compressor was furnishing air for oil well No. 12, owned by the 
Crowley Oil & Mineral Co., at Evangeline, La.f 

* It must be remembered 'that P2 in Eq. 71 is the intercooler pressure while 
in formulae for work done, etc., in single-stage compression P 2 designates terminal 
pressure. 

t See Transactions of A.S.M.E., Vol. 31, Tests Upon Compressed Air Pumping 
Systems of Oil Wells , by E. M. Ivens. 






COMPRESSION GENERALITIES 


173 


Single- versus Two-stage Compression. — It must not be 
assumed that two-stage compressors are always more preferable 
than single-stage ones. Oft-times pressure requirements are 
such that the latter are more economical in operation as well as 
more attractive in first cost and floor-space occupancy. Multi¬ 
stage compressors under all conditions have a higher compression 
efficiency than single-stage machines of like capacities, but the 
ultimate or over-all efficiency of the latter is greater for terminal 
pressures of 80 pounds (gauge) and under, and it is this latter 
efficiency that the operator is most interested. 

A two-stage compressor requires, in addition to the parts of 
the single-stage machine, a high-pressure cylinder, valves and 
piston; an intercooler piped to the cylinders; and sometimes 
pumps for circulating water through the intercooler. This 
additional apparatus complicates the machine, increases the 
cost and floor space required, and increases the mechanical 
friction over the single-stage compressor. When the interest on 
the additional first cost plus the extra maintenance cost plus the 
mechanical efficiency loss is greater than the gain due to cooling 
during compression, then naturally it is unwise to install a two- 
stage machine. This condition does exist for all pressure require¬ 
ments of 80 pounds and under, as before said. 

Shortly after the air leaves the compressor cylinder, it is cooled 
to the temperature of the atmosphere. This means that the 
heat compression has been dissipated, and the energy or work 
necessary to its creation lost. The object of multi-stage com¬ 
pression is to minimize this loss, which will ultimately occur, by 
removing heat of compression during compression itself, and 
thereby reducing the total amount of work required of the 
machine; all of which means a smaller expenditure of energy 
and, consequently, cheaper operation. If it were possible to use 
the air without first losing the heat of compression any cooling 
during compression would, obviously, be a loss to efficiency. 

The ideal compressor, then, is one in which all heat of com¬ 
pression is removed as fast as it is generated. To realize this in 
practice, it would be necessary that the machine have an infinite 
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conditions in any branch of engineering. Our formulae cannot 
be applied with any degree of satisfaction to the solution of 
practical problems because we have employed factors whose 
values vary, not only in each case, but for nearly every instant in 
any one case. The value of n, for instance, is dependent upon 
a n umb er of varying things, as before stated, and, consequently, 
the results obtained by the use of formulae are unsatisfactory. 

In our derivations, we have assumed that the intake air was 
at a temperature of 6o° F. and a pressure of 14.7 pounds per 
square inch. These will vary with the season of the year, the 
location and the altitude, but volumes of intake air at varying 
temperatures.and pressure observed may be readily converted to 
equivalent volumes at 6o° F. and 14.7 pounds pressure by the 
application of the foregoing laws. 

Table 18, taken from Hiscox’s Compressed Air , shows the 
loss in capacity, etc., of compressors operating at various alti¬ 
tudes and will be found quite useful in air compressor capacity 
calculations. 

TABLE 18 

Efficiency of Compressors at Different Altitudes 


(From Hiscox’s Compressed Air) 



Barometric pressure 

Volumetric 
efficiency of 

Loss of 

Decreased 

feet 

Inches of 
mercury 

Pounds per 
square inch 

compressor, 
per cent 

capacity, 
per cent 

per cent 

0 

30.00 

14-75 

IOO 

0 

0.0 

1,000 

28.88 

14.20 

97 

3 

1.8 

2,000 

27.80 

X 3.67 

93 

7 

3*5 

3,000 

26.76 

I3.l6 

90 

10 

5*2 

4,000 

25.76 

12.67 

87 

13 

6.9 

5,000 

24.79 

12.20 

84 

16 

8.5 

6,000 

23.86 

11.73 

81 

19 

10. X 

7,000 

22 .97 

11.30 

78 

22 

11.6 

8,000 

22.11 

IO.87 

76 

24 

i 3 *i 

9,000 

21.29 

IO.46 

73 

27 

14.6 

10,000 

20.49 

10.07 

70 

30 

16.1 

11,000 

19.72 

9.70 

68 

32 

17.6 

12,000 

18.98 

9*34 

65 

35 

19.1 

13,000 

18.27 

8.98 

63 

37 

20.6 

14,000 

17-59 

8.65 

60 

40 

22.1 

15,000 

16.93 

8.32 

58 

42 

23*5 
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frictionless transmission of air between the cylinders and adia¬ 
batic compression in each cylinder, together with other assump¬ 
tions previously referred to in the derivation of work formulae. 

Air Compression at Altitudes. —In our discussion thus far, 
we have assumed that the compressor is being operated at sea 
level; that is that the inlet air is under an absolute pressure of 
14 7 pounds per square inch. If the machine is operated at a 
greater altitude, the intake air pressure will be proportionately 
less and additional work is imposed upon the compressor. This 

fact is self-evident. _ . 

The capacity of a given compressor is less at higher altitudes 

than at sea level because of the diminished density of the intake 
air. In other words, at every stroke of the machine a smaller 
mass, or weight, of air is drawn into the cylinder. This should 
be kept well in mind and due allowance made when choosing a 
compressor to perform a certain duty. 

Volumetric efficiency is also less at altitudes due to the fact 
that the clearance air expands to the lower atmospheric pressure, 
and, consequently, when expanded occupies a larger volume of 

the cylinder. , 

Stage compression can be employed to greater advantage at 
high altitudes because the heat of compression, which increases 
with the ratio of the final to the initial absolute pressures, is 
greater. Stage compression at altitudes is justifiable for 
pressure considerably under 80 pounds. 

Table 19 gives the multipliers for determining the volume of 
free air at various altitudes which, when compressed to.various 
pressures, is equivalent in effect to a given volume of air at sea 

level. 
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number of stages, and that the air be cooled to its initial tempera¬ 
ture between each stage. Fig. By is a diagram showing the horse 
power required to compress 100 cubic feet of free air per minute 



Pin. 89. 


v,,. to various gauge,Mures. The “ Actual Single-stage ”ar 
the “Actual Two-stage" compression curves were plotted 
average results obtained from a large number of tests oi vanw 
makes and designs of air compressors. The “ T w^ge(A 







CHAPTER X 

the air card and air compressor efficiency 

The indicator is indispensable in steam-engine design and 
operation, but it is, if possible, even more valuable in air-com¬ 
pressor practice. In the former the field of usefulness is some¬ 
what limited in-so-far as the determining of the mechanical 
efficiency of the machine is concerned. That is, if the mechani¬ 
cal efficiency of an engine is to be determined, it is necessary to 
employ some form of absorption dynamometer in connection 
with the indicator; then the brake horse power, as observed from 
the former divided by the indicated horse power, is the mechani¬ 
cal efficiency, and the difference between the two is the power 
necessary to overcome the friction of the machine itself. Some¬ 
times friction diagrams are taken, i.e., cards taken when there is 
no load on the engine other than its own friction, and their area 
subtracted from the full-load card, and efficiency computed. 
This method is inaccurate because the friction is obviously much 
greater throughout all bearings when the engine is loaded than 
when merely turning over with no external load. 

With the air compressor these limitations do not exist, as cards 
taken simultaneously from steam and air cylinders are full state¬ 
ments of the power conversion. The steam cards show the 
amount of energy put into the machine and the air cards show 
the power delivered in return, and the difference between the two 
is an accurate statement of the friction. By taking cards from 
the compressor when operating under varying loads, the friction 
for every change of load may be accurately determined. Cards 
taken simultaneously also show the relation between power and 
resistance at every point in the stroke. 

It will be a little difficult at first for those who are accus¬ 
tomed to reading steam engine diagrams to examine intelligently 

*77 
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TABLE 19 

Multipliers for Determining the Volume of Free Air at Va¬ 
rious Altitudes which, when Compressed to Various 
Pressures, is Equivalent in Effect to a Given 
Volume of Free Air at Sea Level 



Barometric pressure 

Multiplier 

Altitude in 








feet 


Pounds 


Gauge pressure (pounds) 




per square 







mercury 

inch 









60 

80 

100 

125 

ISO 

O 

30.00 

14-75 

1.000 

1.000 

1.000 

1.000 

I .OOO 

1,000 

28.88 

14.20 

I.032 

1-033 

1.034 

1-035 

I.036 

2,000 

27.80 

13.67 

I.064 

1.066 

1.068 

1.071 

1.072 

3,000 

26.76 

I3.l6 

I.097 

1.102 

1.105 

1.107 

1.109 

4,000 

25.76 

12.67 

1.132 

I-139 

1.142 

1.147 

1.149 

5,000 

24.79 

12.20 

1.168 

1.178 

1.182 

1.187 

1.190 

6,000 

23.86 

11-73 

I.206 

I.2l8 

1.224 

1.231 

I.234 

7,000 

22.97 

11.30 

I.245 

1.258 

1.267 

1.274 

I.278 

8,000 

22.11 

IO.87 

I.287 

1.300 

1.310 

1.319 

I.326 

9,000 

21.29 

IO.46 

1.329 

1.346 

1-356 

1.366 

1.374 

10,000 

O' 

0 

10.07 

1-373 

1-394 

1-404 

1.416 

X.424 
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the clearance lines are all located and drawn in exactly the same 
manner as for the steam diagram. In Fig. 91 the atmospheric 
line is purposely drawn low in order to distinguish it from the 
admission line. In actual diagrams, the admission line does fall 
below the atmospheric line varying distances. In well-designed 
cylinders this pressure difference averages J pounds, while in 
poorly-designed cylinders it is as great as 1.5 pounds. Re¬ 
stricted port areas, long intake pipes and heavy inlet valve 
spring increase this loss, 

A volume of air, represented by the rectangle MLPD, is drawn 
into the cylinder and compressed from the absolute pressure, 
represented by TI), up to that represented by FK. In so doing, 
the volume has been reduced to GFJN, and this is delivered to 
the receiver or pipe lines. The actual piston displacement is 
represented by the rectangle NGPI). There is, necessarily, in 
every cylinder a certain amount of clearance between the piston 
and the head and around the valves. These clearance spaces, 
represented on the diagram by rectangle NCIG, at the end of the 
stroke of the piston, are filled with air at the discharge pressure. 
As the piston recedes, this clearance air expands along the line 
GM (which is practically adiabatic), until it finally occupies the 
volume MCIL, when admission of air from the atmosphere begins 
and the cycle is repeated. 

Air compressors are rated by all manufacturers according to 
their piston displacement, and, consequently, to ascertain the 
actual capacity of a compressor one must know the volumetric 
efficiency of its air cylinder. We shall discuss this at greater 
length later. 

Theoretical Curves. — To form a comparison of actual com¬ 
pression of air and compression under ideal conditions, it is 
necessary to draw the theoretical curves. This may be done in 
exactly the same manner as for steam, and, usually, both the 
adiabatic and the isothermal curves are drawn on the air diagram. 
To facilitate the drawing of these curves, Mr. Frank Richards, 
on pages 48 and 49 of his Compressed Air, has provided dia¬ 
grams which are very useful. Mr. II. V. Conrad, in Power, 
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cards from an air cylinder. One can best learn by keeping in 
mind that the one is the direct opposite of the other. In other 
words, the steam diagram is the record of pressures of an expand¬ 
ing gas doing external work, while the air diagram is the record 
of pressures of a gas being compressed and having work done 



on it. Therefore, the expansion line of the steam diagram cor¬ 
responds to the compression line of the air diagram; the admis¬ 
sion line of the one corresponds to the discharge line of the other; 
and the compression line corresponds to the reexpansion line, 
and all as clearly shown in Fig. 90. 



Figure 91 is a diagram from the “air end” of a single-stage 
air compressor. The lines are smoother and more nearly perfect 
than those of the actual card. The atmospheric, the vacuum and 
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attached to the air cylinders of a two-stage compressor. The 
pipe connections are such that, by manipulating the valves dis¬ 
charge pressure lines may be drawn on all the diagrams and both 
discharge and inlet pressure lines drawn on the high-pressure 

Cy Air-compressor Efficiencies *— Mechanical Efficiency. — The 

energy in the steam admitted to the steam cylinder of an air com¬ 
pressor is expended in the following ways: 

heat the steam-cylinder walls and piston; j 
2 . To compress the air; 

3 " To heat the air during compression; 

4. To heat the jacket watet , 

< To overcome the friction of the machine. 

The horse power required by 2 and 3 may be computed from 
the air-indicator diagram; 4 may be found by observing the 
temperature of entering and leaving jacket water, toge iei wi 
its weight and computing the B.t.u.’s therefrom, and the equiva¬ 
lent horse power; and 5 is found by subtracting the sum of the 
fa-st three from the indicated horse power m the steam cylinder. 

The Mechanical Efficiency of a steam-driven air compressor, 
then is equal to the air horse power plus the jacket horse power 
divided by the indicated horse power, or 

_ A.IL?. +JktJTP. ( 7 2) 

hm m LU p 

an.l the mechanical efficiency of a power-driven machine is 

expressed by „ »1 , -o- p / \ 

A.H.T. + Jkt.JH.l-.-___ (73) 

Em " Brake H.P. delivered to compressor shatt 

« 1»™ «rin J Urly^igne<l machines up to 9 * l» cent m the 

best designs. 

• Mr «M. to K. M-1— >» 
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March, 19x1, has compiled very convenient and accurate tables 
for laying off theoretical air-compression curves. _ 

W hile it is well to appreciate the value of the air diagram, sti 1 
it must not be trusted blindly, for it often conveys false impres¬ 
sions, and, in skillful hands, the indicator can be made to tell some 
very flattering things. For instance, if longitudinal by-passes 
were cut in the cylinder walls near the heads and slightly longei 
than the thickness of the piston, so that at the end of the stroki 



the piston uncovers their ends, the clearance air under the 
charge pressure will escape to the opposite side of the piston, a 
a card taken will show a very high volumetric elhciency. 
scored cylinder will give a card whose compression cur ve is mi 
nearer the isothermal than ordinary, as will a leak by he sui t 
valves. The delivery line of the air card is wavy and irregul 
due to the action of the valves, so it is difficult to determine w 
accuracy the discharge pressure. In Fig. 92 » re shown mciiu 
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time, to the number of cubic feet of piston displacement diving, 
that time, or 

p _ Actua l cubic feet of free air per minute , . 

~ Cubic feet of piston displacement per minute 

On the indicator diagram the observed volumetric efficiency 
is (Fig. 94) obviously — • 

Volumetric Efficiency Depends, First, upon the Clearance 
Volume in the Air Cylinder. — If there were no clearance be¬ 
tween cylinder heads 
and piston at the end 
of the stroke, and no 
lost space in and 
around the valves, the 
volumetric efficiency 
(referring to atmos¬ 
pheric air) would al¬ 
ways be 100 per cent. 

The greater the clear¬ 
ance volume, then, the greater will be the volume of the 
cylinder occupied by the expanded clearance air. This fact is 
self-evident. 

Volumetric Efficiency Depends, Second, upon the Terminal 

Pressures. — The higher the terminal pressure of air in any 
given cylinder, the greater will be the volume occupied by the 
expanded air of the clearance spaces. This means that, as the 
terminal pressure is increased, the volumetric efficiency decreases. 
To show this graphically, there are reproduced in Fig. 95 three 
super-imposed diagrams taken from the same cylinder at the 
different pressures shown. The increase in volumetric efficiency 
as the terminal decreases is plainly evident in the illustration. 

Volumetric Efficiency Depends, Third, upon the Temperature 
and Pressure of the Intake Air. —Since, by our definition, 
volumetric efficiency refers to free air, or air at 14.7 pounds 
pressure, and 6 o°F., then every change of temperature and 



Fig. 94. 
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Compression Efficiency. — Compression (or compressor) effi¬ 
ciency is, the ratio of the theoretical horse power required to 
compress an amount of air to that actually required, or 


theoretical H.P. 
A.H.P. 


(74) 


The adiabatic and the isothermal horse powers are both theo¬ 
retical, but since the term efficiency is a statement of how nearly 
perfect a machine or device is, it is proper that we use the latter 
(referring to no clearance base) in our formula. 

This efficiency depends upon the design of water jacket and 
cooling appliances, and it is principally to increase compression 
efficiency that multi-stage compression is employed. 

To determine the compression efficiency, the isother mal curve 
is plotted on the air card (Fig. 93), starting, of course, at the 

beginning of the stroke, 
•and ending at the the¬ 
oretical delivery line, or 
terminal pressure line. 
The area abdf thus en¬ 
closed divided by the 
area acde of the actual 
d card is the compression 
efficiency. Indicator 
~ cards that show a very 
high compression effi¬ 
ciency should be looked upon with suspicion, as investigation 
will invariably show that either the suction valves leak or air 
is escaping from the compression side of the moving piston to 
the suction side, due to scored cylinder or leaky piston. Actual 
compression curves will follow the adiabatic curve quite closely 
as the water jacket has little effect other than to facilitate 
lubrication. 

Volumetric Efficiency. — Volumetric efficiency is the ratio of 
the actual number of cubic feet of free air compressed per unit of 
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tore there occurs a loss of practically 1 per cent in volumetric 

efficiency. . , , , , 

Likewise, volumetric efficiency is affected by change of atmos¬ 
phere or intake pressure, the temperature remaining constant. 
To show this, let us suppose that our compressor were removed 
to a high altitude where intake air of 13.7 Pounds pressure and 
6o o jp is available. Now, 13S cubic feet of this air is equivalent 
to 132.62 cubic feet of free air, and our third expression for 
volumetric efficiency is 

E = 1; 5 — 88.4 per cent (78) 

' J 5° 

Therefore, for every 0.625 pounds decrease of intake pressure 
there occurs a loss of 1 per cent in volumetric efficiency. 

Formula and Measurement. - The most popular and con¬ 
venient method of determining the volumetric efficiency of an 



air cylinder is from the indicator diagram. Referring to Fig. 

06 the ratio & is what we might call the observed volumetric 
■CB % 

efficiency. On the actual diagram, these distances are measure 

with some convenient scale, and the computations made and the 
result s so obtained corrected for inlet temperatures and pressure. 
Volumetric efficiency found after these corrections are made is 

the true or real efficiency. 
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pressure of initial (intake) air has its elect directly upon the volu¬ 
metric efficiency. For instance, let us suppose we have a room 
whose temperaLe is 60° F„ and whose atmospheric pressure * 
14.7 pounds or, in other words, conditions where actual Free A 


?/l\! 



Fig. 95 . 

is available and drawn without heating into the cylinder In 
this room is located a compressor whose capacity is *35 cub 
feet of this air per minute, whose piston displacement is x S o 
cubic feet per minute and whose terminal pressure is 100 pounds. 
The volumetric efficiency under these conditions, then, is 

= 135 = 90 per cent (7 6) 

Now, suppose that from some cause the temperature of intake 
air were raised from 60= F. to, say, 65° F„ the atmospheric and 
terminal pressures remaining as before Thecompressorm 
still draw in 135 cubic feet of air per minute but, owing to the 
higher temperature, a lesser weight, or mass, of air will be with¬ 
drawn from the atmosphere. According to the law of Chiles 
previously given, 13S cubic feet of air at 65 F. and14J P 
pressure is equivalent to 133-75 cubic feet of air at 60 F., and 
14.7 pounds pressure. Under these conditions our expression 

for volumetric efficiency becomes 

■p — — gg per cent ( 77 ) 

This shows that for a rise of every 5 0 F. in intake-air tempera- 
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The ratio ~ is, obviously, the percentage of the cylinder volume 
la 

given up to clearance. Equation 84 shows that, in scaling the 
diagram for volumetric efficiency, we have taken into considera¬ 
tion the effect of clearance and terminal pressures but not that 
of the initial temperature and pressure. In order to provide for 

T 

this, it is necessary to multiply 84 by where T is the absolute 

(l •*- 

temperature of the air at the instant that compression begins, 
and T\ is 60 + 460.6. 

Also, the pressure at the beginning of compression is nearly 
always less than that of the atmosphere, due to frictional losses, 
valve spring resistance, etc. To provide for this, equation 84 
P 

must be multiplied by ,7, where/* is absolute pressure shown by 
i 1 

the intake line on the diagram, and Pi is 14.7 pounds. 

The expression for the true or real volumetric efficiency, there¬ 
fore, is 


True E„ 


V,.\(P, 


Under some circumstances this method of volumetric efficiency 
determination is to be avoided, for results then obtained will be 
misleading and, consequently, worse than worthless. Leaky 
suction valves or stuffing boxes, and a cylinder scored at or near 
the end of the stroke will produce an almost perpendicular re¬ 
expansion curve. 

These defects may be detected on the diagram, however, by 
plotting the theoretical curves and comparing with the actual 
curves. Fig. 97 shows the typical case of leaky valves on one end 
and their effect on t he volumetric efficiency and the compression 
curve. A better way to determine the volumetric efficiency of a 
compressor under all conditions of cylinder, etc., is to actually 
measure the air delivered and divide by the piston displacement. 
The air may be measured by means of a standard orifice or by a 
system of enclosed tanks. The former method is described by 
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We may derive expressions for real and observed volumetric 
efficiencies from the diagram as follows: 

Remembering that PV n — Pi VP = PiVP = C, from Fig. 96 
we get: 

df = de + ag 


Substituting in 79 


whence 


de + ag = /PA" 
ag \Pi/ 


de = ag 


ag is the clearance volume, and it may be determined by actual 
measurement by well-known methods. We may say, then, 
that this quantity is known, and, designating it as V c and sub¬ 
stituting in (79), we have 


de = V c 


^ dc ce — de 

Observed E v = — =- 

ce ce 


where 


ce — piston displacement P d - 

Substituting the value of de as given in (81) into (82) we get: 


P*-V t 


Observed E„ = 


Observed E v = x 


_ ¥4 (is\ n 

PA\pJ 
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Now, shut off tank C and start the compressor. Watch the 
gauge on C until the needle reaches a suitable point, say 15 
pounds, and from this time on until pressure P 2 is reached count 
the revolutions of the compressor, observe temperatures and 
time of run. A number of runs should be made and the mean of 
the results found substituted in the formula following. 

Let P = atmospheric pressure — 14.7 pounds; 

Pi = initial absolute pressure in tank C; 

Pi = final absolute pressure in tank C; 

T — absolute room temperature in degrees C.; 

Ti = absolute initial temperature of air in tank C; 

7 a = absolute final temperature of air in tank C; 

V = volume in cubic feet of tank C; 

Vi - free air equivalent of air in tank at beginning of 
lest j 

V-i «= free air equivalent of air in tank at end of test; 
v * actual amount of air pumped into tank; 

n 

Ki» y } atmospheres at beginning of test; 



atmospheres at end of test; 


Now, disregarding temperature, 

21 m V-i — Vi * volume of air compressed or pumped. 


Now, 


yii. 

p , 


and V-i = V 


P2 


vmV (Pj - Ri) (86) 

The theoretical quantity of air pumped is equal to the piston 
displacement of the compressor, or l X aXn, where 

l - length of stroke in feet; 
a *■ area of piston in square feet; 
n — number of strokes. 
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Prof. Elmo G. Harris, in Compressed Air. The latter method is 
as follows: 

Connect the air compressor to two enclosed tanks B and C, as 
in Fig. 98, with a regulating valve between B and C, air gauges 



and thermometers as shown. By means of the regulating valve, 
the air pressure in B may be maintained at the desire pressure 
for which the volumetric efficiency is to be determined, lhe 



Fig. 98. 


tank C then may be pumped up from pressure Pi to P 2 , both 
lower than the pressure in B. 

It is always advisable to begin the test at an initial pressure 
higher than the atmospheric. 
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accurate formula can be derived that will take into consideration 
even one of the variables, such as upkeep or depreciation. The 
most reliable information we have on the subject is a series of 
tests made by Mr. Richard L. Webb on a number of air com¬ 
pressors in the Canadian mining district. These tests are 
published in Compressed, Air Plant, by Prof. Robert Peele. 

Economy Essentials. —■ The foregoing discussion and state¬ 
ment of facts show that the economy of an air-compressor unit, 
depends: 

(1) Upon the mechanical construction, that is, the size and 
proportion of bearings and wearing surfaces; lubricating system 
and general design of parts. 

(2) Upon the length and volume of ports in the air cylinder. 
Long and tortuous ports and air passages increase the losses by 
heating the incoming air before compression begins. 

(3) Upon the cooling devices and water jackets and tempera¬ 
ture of cooling water. 

(4) Upon the surrounding conditions, that is, altitude at which 
the machine is being operated, and atmospheric temperature. 

(5) Upon the clearance spaces. 

;( 6 ) Upon the economy of the power end. 










& 


( 87 ) 
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The volumetric efficiency is then represented by the formula 

V ( Rt - M 

Tx « x m 

Correcting for temperatures, ( 86 ) becomes: 

-« T (n-?3 (88) 

If the barometric pressure is other than n)s)2 inches of mercury, 
the formula should be corrected ami made to read as follows: 

rr/iooi a* Hi \ 

8 “ /# V 7 * A / 

Our final expression for volumetric efficiency then becomes 

20.92 V ' l'fRi 


(89) 


Real K 




7 R, _ Rt\ 

/( \r 3 ” tJ 

lan 


(90) 


Over-all Efficiency. -This efficiency is the most important 
«f all to the user, for it refers directly without limitation or 
proviso to the cost of operation. It means the cost m fuel, up¬ 
keep, supplies, interest and depreciation of air delivered to the 
receiver or pipe line, and Is, consequently, a combined statement 
of mechanical, compression, and volumetric etiu u-iu ies as well as 

of reliability. , , „ . 

The following is a general expression of over-all ctlu inuy 

referred to the isothermal, no clearance base. 

Isoth ermal H.P. l> er 100 cubic feet «»f air per minute 
Boiler H.P. per 100cubic feet |ier minute actually delivered 

(9*) 


ii* 


This expression docs not take into consideration all the factors 
that affect over-all efficiency, but even as it is, it is something 
definite and a much more satisfactory guide than any yet given. 
Elaborate tests over long periods of time are necessary to deter¬ 
mine the true over-all efficiency of any machine and, obviously, no 
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CHAPTER XI 
THE COMPRESSOR 


Air compressors as a whole are usually divided into two general 
classes, namely, wet and dry. The wet compressor is divided 
into three types, and the dry compressor is divided and sub¬ 
divided into various types and designs until the commercial 
machine with its cylinder combinations and construction are 
reached. The diagram (Fig. yy) shows this progression quite 
clearly and will be found convenient in selecting a compressor 
to meet certain conditions and requirements. 

The various makes ami designs of air compressors have been 
illustrated and discussed most ably by Prof. Robert Peek* in 
Compressed Air Plant, and compressor manufacturers issue cat¬ 
alogues and bulletins describing their product which may be had 
for the asking; hence nothing tan be said here in this connec¬ 
tion that would not be mere rejrctition. 

Air-compressor Installation and Operation,* The large 
majority of instances of unsatisfactory operation of air com¬ 
pressors, and often disastrous explosions in receivers and pipe 
lines emanate from improper installation in the tirsl place ami 
continued negligent operation ami disregard of the compressor 
manufacturers' instructions in the second place, Unfortunately, 
many operating engineers look ujsm the compressor as a rough 
and ready machine built to withstand all manner of abuse, 
expensive to operate ami only to be used when nothing else will 
serve the purpose. 'Phis impression is, of course, erroneous, and 
is easily corrected If the intended operator, before erecting a 
compressor, will familiamc himself with the prac tical prim iphs 
of air compression; the attendant dangers ami necessary pre¬ 
cautions; and the simple requirements essential to economical 
* Pitwcr, Dec. jo, toil. Air CamPrtn&r lmiaiiaintn am I rattan. h.s l\ M, 
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Receiver. — The functions of the air receiver are (x) to create 
a cushion and thereby eliminate the compressor pulsations in the 
pipe line; (2) to serve as a storage of power; (3) to cool the air 
and precipitate any oil or moisture carried in entrainment; (4) to 
eliminate certain friction losses that would occur if cooling were 
effected in the pipe lines. The receiver should, consequently, be 
located in a cool place, preferably outside of the building, and as 
close as possible to the compressor. 

Receiver fittings should include pressure gauge, safety valve 
and blow-off cock located at or near the bottom. 

Air-inlet Piping. — It has already been shown that an increase 
of 5 0 F. in temperature of intake air is accompanied by a de¬ 
crease of x per cent in volumetric efficiency; which means that 
as the intake-air temperature increases, the free-air capacity of 
the machine decreases and the same amount of energy is ex¬ 
pended as though the full capacity of the machine were being 
realized. To assist the compressor, then, the inlet should be 
piped to the outside of the building and some ten or twelve 
feet above the ground surface. The opening should be well 
screened to prevent drawing in dust and dirt, and hooded to keep 
out rain. If it is impracticable to carry the intake outside and 
air must be drawn into the cylinder directly from the room, it is 
very important that no dust or dirt be allowed near the opening, 
for a small amount of dirt being continually drawn into the 
cylinder with the air will cut and wear the inner surfaces and 
valves very rapidly, and no end of trouble results. 

Sometimes conduits are used instead of piping to the inlet. 
These are best constructed of wood lined with tin and the open¬ 
ing well screened. Concrete or brick construction should be 
avoided, for grit is likely to be loosened by the vibrations of the 
compressor and drawn into the cylinder. Conduits should be 
at least double the cross-sectional area of the inlet opening of the 

compressor. . . , 

As few bends as possible should be put in the inlet piping and 
when used, should be either long turn fittings or pipe neatly bent, 
preferably the latter. To further reduce frictional resistance, 
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operation. A few instructions follow which, if observed only 
indifferently, will furnish the much needed relief to the compres¬ 
sor as well as reduce operation costs and eliminate the danger of 
the now too frequent explosions. 

Location. — In installing a new compressor the first con¬ 
sideration to come up is where to build the foundation. The 
cl ean est and coolest place available in the room should be chosen 
and am ple space should be provided all around for cleaning and 
inspecting the compressor. Location in boiler rooms and near 
coal piles should be especially avoided. 

Foundation. — The size and depth of foundation depends 
upon the size and type of compressor, and upon the nature of the 
soil. With each compressor the manufacturers send out a de¬ 
tailed foundation plan, assuming that the foundation will be built 
in firm ground. If, however, the ground is insecure in any way, 
a liberal base, a foot or more larger all around than the bottom of 
the foundation, should be added to the manufacturers’ specifi¬ 
cations. 

Owing to the nature of the work a compressor has to perform, 
there are certain shocks, with the resulting vibration, that must 
be absorbed by the foundation. It is always advisable in build¬ 
ing foundations for straight-line machines, that special pains be 
tak en to make them of liberal size and rigidity. It is a good 
plan to reenforce concrete foundations with f- to f-inch iron rods 
near the top and bottom, placing some lengthwise, and others 
crosswise of the foundation. In the duplex-type compressors, 
the unbalanced strains are somewhat eliminated by the quarter- 
ing-crank arrangement, but a good foundation costs but little 
more in the first place and is always to be desired. 

The ma terial for foundations may be burned brick, stone or 
cement concrete. If either of the first two is chosen, thin and 
well-grouted joints of cement mortar of one part Portland cement 
to two parts of sharp sand, should be made. If concrete is used, 
a mix ture of one part Portland cement, three parts of sharp sand 
and five parts of crushed stone or gravel will be found quite 
satisfactory. 
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Receiver. — The functions of the air receiver are (x) to create 
a cushion and thereby eliminate the compressor pulsations in the 
pipe line; (2) to serve as a storage of power; (3) to cool the air 
and precipitate any oil or moisture carried in entrainment; (4) to 
eliminate certain friction losses that would occur if cooling were 
effected in the pipe lines. The receiver should, consequently, be 
located in a cool place, preferably outside of the building, and as 
close as possible to the compressor. 

Receiver fxttings should include pressure gauge, safety valve 
and blow-off cock located at or near the bottom. 

Air-inlet Piping. — It has already been shown that an increase 
of 5 0 F. in temperature of intake air is accompanied by a de¬ 
crease of 1 per cent in volumetric efficiency; which means that 
as the intake-air temperature increases, the free-air capacity of 
the machine decreases and the same amount of energy is ex¬ 
pended as though the full capacity of the machine were being 
r ealiz ed. To assist the compressor, then, the inlet should be 
piped to the outside of the building and some ten or twelve 
feet above the ground surface. The opening should be well 
screened to prevent drawing in dust and dirt, and hooded to keep 
out rain. If it is impracticable to carry the intake outside and 
air must be drawn into the cylinder directly from the room, it is 
very important that no dust or dirt be allowed near the opening, 
for a small amount of dirt being continually drawn into the 
cylinder with the air will cut and wear the inner surfaces and 
valves very rapidly, and no end of trouble results. 

Sometimes conduits are used instead of piping to the inlet. 
These are best constructed of wood lined with tin and the open¬ 
ing well screened. Concrete or brick construction should be 
avoided, for grit is likely to be loosened by the vibrations of the 
compressor and drawn into the cylinder. Conduits should be 
at least double the cross-sectional area of the inlet opening of the 

compressor. # . . . , 

As few bends as possible should be put in the inlet piping and 
when used, should be either long turn fittings or pipe neatly bent, 
preferably the latter. To further reduce frictional resistance, 
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operation. A few instructions follow which, if observed only 
indifferently, will fur nish the much needed relief to the compres¬ 
sor as well as reduce operation costs and eliminate the danger of 
the now too frequent explosions. 

Location. — In installing a new compressor the first con¬ 
sideration to come up is where to build the foundation. The 
cleanest and coolest place available in the room should be chosen 
and ample space should be provided all around for cleaning and 
inspecting the compressor. Location in boiler rooms and near 
coal piles should be especially avoided. 

Foundation. — The size and depth of foundation depends 
upon the size and type of compressor, and upon the nature of the 
soil. With each compressor the manufacturers send out a de¬ 
tailed foundation plan, assuming that the foundation will be built 
in firm ground. If, however, the ground is insecure in any way, 
a liberal base, a foot or more larger all around than the bottom of 
the foundation, should be added to the manufacturers’ specifi¬ 
cations. 

Owing to the nature of the work a compressor has to perform, 
there are certain shocks, with the resulting vibration, that must 
be absorbed by the foundation. It is always advisable in build¬ 
ing foundations for straight-line machines, that special pains be 
tak en to make them of liberal size and rigidity. It is a good 
p lan to reenforce concrete foundations with to f-inch iron rods 
near the top and bottom, placing some lengthwise, and others 
crosswise of the foundation. In the duplex-type compressors, 
the unbalanced strains are somewhat eliminated by the quarter- 
ing-crank arrangement, but a good foundation costs but little 
more in the first place and is always to be desired. 

The material for foundations may be burned brick, stone or 
cement concrete. If either of the first two is chosen, thin and 
well-grouted joints of cement mortar of one part Portland cement 
to two parts of sharp sand, should be made. If concrete is used, 
a mixture of one part Portland cement, three parts of sharp sand 
and five parts of crushed stone or gravel will be found quite 
satisfactory. 
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the adiabatic compression of air, the temperature and pressure 
relations are expressed by the formula: 

»-i 

i\ (i\y = /Pi y 29 

T \P) \P) 

whence 

r,-!■(&)" (9 2 ) 

where T and 7\ are the initial and the final absolute air tempera¬ 
tures respectively, and P and I\ the initial and the final absolute 
pressures. Therefore, the temperature of the air at discharge 
from the cylinder is dependent not only upon the pressure but 
upon the temperature of the intake air. Suppose that we now 
have a single stage compressor operating at sea level and that 
the atmospheric temperature is 6o° F., and the discharge pressure 
70 pounds, the final temperature is 

T\ - S2i°^'p == 866° absolute 

or 406 degrees by the thermometer. This calculation is based 
upon no heat radiation losses, and is, consequently, slightly 
greater than the actual discharge temperature. 

The difference between actual discharge temperatures and 
that calculated above is small, for the actual compression line 
follows the adiabatic very closely. Air is one of the poorest 
conductors of heat, and the water jacket has little effect other 
than to facilitate lubrication. Tests of compressors operating 
under conditions named show that the actual discharge air tem¬ 
peratures range between 325° and 365° F., and instances even of 

higher temperatures are on record. _ _ 

The lowest temperature at which an oil will give off combustible 
vapors is called the flash point and the temperature at which these 
vapors ignite mid continue to burn is called the ignition point. 
The fla sh point of common lubricating oil is about 260 F., and 
the ignition point about 295 degrees. Common cylinder oils 









X 9 6 pumping by compressed air 

the inlet piping should be increased in diameter in proportion to 
its length. A good rule to follow is to increase the diameter 
one-half inch for each ten feet added in length. 

Dis char ge Piping. — The pipe connecting the compressor and 
the receiver should at least be of the diameter of the discharge 
opening of the cylinder and contain as few bends as possible. 
Very often a salesman, in taking an order for an air receiver, 
recommends one whose inlet opening is considerably smaller 
t han the compressor discharge opening. When the receiver 
arrives and the engineer on the ground learns this, he imme¬ 
diately proceeds to insert a pyramid of bushings in the cylinder 
opening. T his imposes additional hardship on the compressor 
and creates a condition conducive to explosion as we shall see 
later. 

Another serious mistake often made is the placing of a 
stop valve between the compressor and the receiver. This 
should never be done unless a safety valve be placed between 
the stop valve and the air cylinder; for there is a possibility 
at some time of starting up with the stop valve closed, when 
dangerous pressure will soon be reached and explosion likely 
to occur. 

Lubrication. — The bearings and other external wearing parts 
of the air compressor are usually lubricated either by means of 
oil and grease cups suitably placed or by the splash or bath sys¬ 
tem. The latter method is coming into more popular favor and 
is rapidly replacing the former because of its simplicity, effective¬ 
ness and economy in the use of oil. Against it stands the 
objection that it is likely to be neglected and the oil becomes 
dirty and gritty, due to accummulation of abrasives gathered 
by the oil in passing and repassing over the bearings. 

The air-cylinder lubrication is by far the most vital point in 
air-compressor operation, and'it seems to be the least understood. 
In order to appreciate fully the necessity of proper cylinder 
lubrication, consider the conditions that have to be met. 

The compression of a gas is accompanied by a rise in tempera¬ 
ture, in accordance with the law stated in Chapter IX. For 
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J-inch hole, this little device may be installed in any pipe line. 
In case of an abnormally high temperature the fusible insert of 
the plug melts and the air escapes with a sharp whistle. This 
immediately attracts the atten¬ 
tion of the operator, and the 
cause for the high temperature 
may be remedied before any 
serious damage is done. 

Only a very small amount of oil is necessary for the air cylinder 
and as little as possible should be used, for excess of oil will deposit 
carbon and gum the valves, just how much can best be deter¬ 
mined by experiment, but a good approximation is one drop per 
minute for cylinders from 6- to ro-inch stroke, three drops in two 
minutes for cylinders from 12- to 16-inch stroke, two drops per 
minute on 18- to 24-inch stroke cylinders, and three to five drops 
for larger cylinders. These quantities apply when the com¬ 
pressor is running at normal speed, and if, for any reason, the 
revolutions are increased or decreased, the quantity of oil should 
also be varied in proportion. 

Circulating Water. — The duty of the jacket water is to carry 
off the heat transmitted to the cylinder walls and heads by the 
compression of the air, and thereby assist lubrication. A liberal 
supply of cool water should be furnished the jacket and necessary 
precautions taken that will prevent starting up with a dry 
jacket. 

Air cylinders are provided with water inlet and outlet openings 
as well as drain. In some cylinders, inlet and outlet openings 
are at the top of the barrel, while in others, the inlet is below and 
the outlet above the barrel. In the first instance, there can be 
no mistake in making pipe connections, but with the latter 
arrangement of openings, the error is often made of connecting 
the inlet pipe above into the outlet opening. When this is 
done, the jacket is not kept full of water, and the surfaces not in 
contact with the water will become heated. 

The water outlet should be in plain view of the operator, and 
this is best accomplished by allowing the water to fall into an 



Fig, ioo. 
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flash at about 350 degrees and ignite at about 400° F. The oil 
best suitable to air cylinder service is one having a flash point of 
about 500 degrees and an ignition point of about 6oo° F. 

If proper oil is used, a comparison of temperatures will show 
that, under ordinary conditions and with cylinder and valves in 
good condition, an explosion is impossible. If, on the other hand, 
a low-flash-test cylinder oil is used, it is soon decomposed by the 
heat, the volatile constituents ignited and a destructive explo¬ 
sion usually follows. There are instances on record where igni¬ 
tion has occurred without explosion, but the chances are always 
in favor of explosion. 

A scored cylinder and valves, caused by dirt and grit drawn in 
with the air and sticking discharge valves, may also cause the 
ignition of volatile constituents of the oil. For instance, suppose 
that a sufficient amount of the air at discharge temperature 
to raise the initial temperature from 6o° F. to 200° F. found its 
way back from the receiver or pipe line into the cylinder on the 
suction side of the piston. This air might return through either 
leaky or sticking discharge valves, or from the compressing side 
of the moving piston to the suction side. Then with 2oo°F. 
initial temperature, the final temperature of air compressed to 
70 pounds gauge would be 


Ti 



1096 degrees absolute, 


or 635 degrees by the thermometer, which is high enough to decom¬ 
pose and ignite even the best of oils. This shows the importance 
of locating the compressor so that the coolest and cleanest air. 
obtainable is drawn into the cylinder. Other conditions favor¬ 
able to ignition are carbon deposits from the oil on the valves 
and passages, restricting their area; too small a discharge pipe; 
and drawing air from a hot engine room. Any of these cause 
at least an increased final temperature, and each, if extreme, 
will ultimately cause ignition. 

Figure 100 shows the Hodges 7 fusible alarm plug, manufactured 
by the Ingersoll-Rand Co. By simply drilling and tapping a 
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smaller tank soldered to the side of A and containing soap. The 
bottom of B is perforated with |-inch holes as shown at C. The 
water in A passes through the holes up into B and in passing 
dissolves some of the soap 
and rises to the top of the 
i-inch pipe E. The solu¬ 
tion then passes down this 
pipe into the compressor 
suction. Before shutting 
the compressor down, the 
water supply at D may be 
turned off and oil from the 
cup G fed into B. 

Because of its low flash 
point, kerosene should 
never be used for cleaning 
the cylinder. Summing up 
all that has been said, the following mode of operation is 
obviously to be recommended: 

Every morning: — 

1. Drain the receiver; 

2. Note the height of lubricating oil in the crank case (or 

in oil cups) and replenish if necessary;. 

3. Adjust lubricator for proper amount of oil feed; 

4. Start circulating water. 

Every week: — 

5. Remove crank case, oil and filter; 

6 . Remove and examine suction and discharge valves, if 

worn or cut, they should be ground to a tight fit, 

7. Test the safety valve by raising the air pressure to the 

point of blow-off; 

8. Take up lost motion in pins and bearings. 



Renew crank case oil, and throughly cleanse the inside 

of crank case; . , . 

10. Thoroughly inspect all parts, including air and water 


passages. 
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open pipe end or funnel, as shown in Fig. xoi. The controlling 
valve should always be placed in the inlet. Sometimes the circu¬ 
lating water is used for other purposes after leaving the jacket, 
and a closed circuit is necessary. The jacket water pressure 

should not exceed 50 to 
60 pounds unless special 
attention has been given 
to the design. Dirty 
circulating water is in¬ 
jurious in that mud de¬ 
posits form which pre¬ 
vent the water from 
reaching the metal and 
heating will result. If 
the compressor is ex¬ 
posed to freezing tem¬ 
perature, the jacket 
should be drained after 
being shut down, otherwise the expansion of the water in freezing 
will crack the jacket. 

Inspection and Cleaning.— At stated intervals, say every 
month, the compressor should be thoroughly inspected and any 
defect immediately corrected. Usually, the air valves of the 
modern compressor are placed conveniently and can be easily 
removed and examined. They should present an oily surface 
and Iw kept free of carbonaceous deposits. The ports and pas¬ 
sages should also be kept clean and free from obstructions. 

Cleaning the inside of the air cylinder may be done effec¬ 
tively by filling the lubricator with a strong solution of water 
and soap, and feeding literally throughout a day’s run. Generous 
quantities an* necessary, because soap in itself is not a very good 
lubricant. At the end of the day’s run the lubricator should be 
filled with oil and the compressor operated for awhile; this, to 
prevent rusting of the inner polished surfaces. A soap-sud 
lubricator suggested by Mr. Martin Me Gerry in Power, is 
shown in Fig. 102. A is a galvanized water tank and B is a 



Fig, tot* 
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struct the pipe line of gradually increasing cross-sectional area. 
True, the friction loss of air increases with the length of piping, 
the number of elbows, and so forth; but the loss in each unit of 
length added is greater than that in the preceding one, and the 
loss in the last unit is considerably greater than that in the first 
one. Consequently, the shorter the air line, the more nearly 
correct will be the tables generally used; and the longer the line, 
the greater will be the discrepancy. 

Another fallacious assumption sometimes made is that regard¬ 
ing the relation of friction loss to diameter of pipe. The interior 
resistance is much greater in proportion to volume transmitted 
in small pipes than in large ones because as the diameter is 
reduced, the ratio of perimeter to cross-sectional area increases. 
In forcing a given volume of compressed air through a i-inch line 
the loss is about 3J times that encountered in forcing an equal 
volume through a 2-inch line of the same length. Other in¬ 
calculable variables affecting friction are irregularities on the 
inner surfaces of the pipe, and the broken surface at each joint. 

To sum up, the laws of air friction are: 

x. The loss of pressure due to friction increases with the 
length of pipe; 

2. It increases with the square of the volume of air being 
transmitted; 

3. It increases with the roughness of the interior surface 
of the pipe; 

4. It increases with the number of bends, joints and fittings; 

5. It increases as the diameter of the pipe is reduced. 

These laws are expressed by D’Arcy in his formula: 



whence 


Px-P* 


(94) 









CHAPTER XII 

FLOW OF COMPRESSED AIR IN PIPES 


As we shall have to do with the flow of both air and water in 
pipes, it is well that we review the principles and laws governing 
each. There is more or less approximation in all the calculations 
and formulas for pressure loss in water and air transmission and, 
owing to some uncontrollable variables involved, it is probable 
that truly accurate formulae will never be had until a great deal 
more experimental data is available. 

Water is practically incompressible, and is of approximate 
constant density under all ordinary pressures. Consequently, 
the water frictional losses in pipe are independent of pressure 
conditions and the losses in any given section of a pipe line of 
uniform diameter are identical with those occurring in any other 
section of the same diameter, length and character. In other 
words, loss of head due to friction is directly proportional to 
the length of pipe through which the water flows. 

Air, on the other hand, is very elastic and the volume is in¬ 
versely proportional to the absolute pressure exerted upon it. 
Compressed air then advancing in a pipe line encounters a head 
or pressure loss due to friction and expands in proportion. The 
velocity of flow is increased in consequence, and this reacts to 
further increase friction loss and so on. The air friction loss, 
then, unlik e water friction loss, varies in each unit of distance in 
a pipe line, and herein lies one difficulty of accurate calculation. 
The compressed air friction tables in general use at this writing 
are based on the assumption that air friction loss is directly 
proportional to the length of pipe; that is, if a certain loss occurs 
in 1000 feet of pipe, the loss in 2000 feet will be twice as great. 
This means uniform velocity throughout the length of the line 
and in order to realize which, it would be necessary to con- 
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where 

ifi = initial gauge pressure at receiver; 

P 2 = final gauge pressure at the end of pipe line; 
p x - p 2 = pounds pressure loss in friction; 

w = weight of air in pounds per cubic foot at pressure 

Pi; ... 

Q = vol um e of compressed air delivered in cubic feet 
per minute; 

l = length of pipe in feet; 

C = experimental coefficient depending upon pipe 
diameter; 

d = diameter of pipe in inches. 

In Table 20 may be found the values of w under varying tem¬ 
peratures and_ pressures, and in Table 21* are given values of 
C, d & and CVd 5 for various pipe diameters up to and including 12 

inches. 

Mr. Na thani el Herz has solved D’Arcy’s formula graphically 
in the December, 1912, Bulletin of the A. I. M. E. He explains 
his chart which is reproduced in Fig. 103 as follows: 

“The most common case is that in which the given quantities 
are: the quantity of air required, the length of the pipe, anc 
• the initial pressure. The method of solution is to assume < 
pressure loss and to compute the remaining factor, thus givinj 
the size of pipe corresponding to the assumed loss of pressure 
It is always desirable to try two or more pressure drops, ii 
order to find the combination that is most satisfactory, sine 
often a small change in the size of pipe will reduce or increas 
the loss of pressure several pounds. An alternative metho 
is to ass um e a size of .pipe and calculate the correspondin 
pressure drop. Each method involves a series of tedious ca 
culations to arrive at the most economical solution, and als 
requires the use of tables giving the constant, c, the actu; 
diameters corresponding to the nominal pipe sizes, the densit 
of the air, and often for convenience, a table giving the vali 
of expression. A graphic chart has been constructed for tl 
* Robt. Peele — Compressed Air Plant. 
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solution of these problems with no computation, and without 
the use of tables. The procedure is as follows: — Begin with 
the quantity of compressed air delivered, on the left-hand 
vertical scale; follow across horizontally to the intersection 
with the inclined line corresponding to the length of the pipe 
line; pass up vertically to the inclined line corresponding to 
the initial pressure; then cross the chart horizontally to the 
heavy line at the right of the cross-sectioned part of the chart. 
The point here found is a pivot point, which is held with a 
pencil, pen, or needle point, and a straight-edge placed against 
it and swung across the “ Z ” diagram. Any two points on the 
inclined and vertical lines that are cut by the straight-edge at 
the same time go together as one solution of the problem, 
giving a pipe diameter with its corresponding loss of pressure. 
By swinging the straight edge, it is possible to see at aglance 
how the final pressure is effected by a variation of i inch m the 
pipe size. Moreover, the size giving the most desirable result 
is determined at one operation. If the drop is considerable 
it may be desirable to adjust the volume to correspond with 
the new final pressure, and to repeat the operation; but within 
ordinary economical limits, the error involved by not doing so 
is negligible. Sometimes the problem may arise m another 
form' for instance, to find the maximum volume that can be 
handled in an existing line. In this case the proces-s re¬ 
versed Begin with the maximum desirable drop and the 
size of pipe, then pass to the initial pressure hne m a horizontal 
direction^ then vertically to the length hne, and finally hori¬ 
zontal to the left-hand scale, which will give the corresponding 
volume Any other combination can be solved m a similar 
Tanner. The accuracy of this chart is well within commercial 
Tdts It has been checked against calculated values for 
combinations varying from too to xooo cubic feet of compressed 
air delivered per minute, pressure losses from three to 
pounds and pipes from xo to 4000 feet long; all results were 
^within 0.5 inches of the pipe diameter, and most of them within 

0.25 inch, or less. 


FLOW OF COMPRESSED AIR IN PIPES 211 

Another somewhat similar formula to D’Arcy’s was published 
by Mr. J. E. Johnson, Jr., in the July 27, 1899, issue of the Ameri¬ 
can Machinist, and which is 


where, 


p 2_ p 2_o.ooo 6 cj~l 

1 2 “ ' <p 


(95) 


Pi = absolute initial air pressure in pounds; 

P'i = absolute terminal air pressure in pounds; 
q = free air equivalent in cubic feet per minute of volume 
passing through the pipe; 
l = length of pipe in feet; 
d — diameter of pipe in inches. 


Tallies 22* and 23* are given to facilitate the use of Mr. 
Johnson’s formula, and, in order to make clear the use of these 
tables, the following typical problems are solved. 

Example 1. — Suppose 2000 cubic feet of free air under 90 
pounds is required 1000 feet from the receiver. What size 
piping should be installed that will meet the requirements with 
100 pounds initial pressure? 

Substituting in formula: 

(114.7) 2 ~ (104.7) 2 - 


From Table 12, 


... 0.0006 X 200 0 2 X 1200 
II4.7 2 — I04.7 2 

II4.7 2 *= 13156 
104.7 s =® 10962 


Hence, Pi 2 - Pi 2 = 2194 for 1000 feet of pipe, or 219.4 for 
100 feet. 

Referring to Table 22, Pj 2 — P g 2 for 1000 cubic feet of free air 
per minute through 3-inch pipe is equal to 247 and for 3|-inch 
pipe is equal to 114. Therefore, 3§-inch pipe should be used. 

* Laid law-1 )unn«G onion Co.'s Catalogue, 
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Another somewhat similar formula to D’Arcy’s was published 
by Mr. J- E. Johnson, Jr., in the July 27, 1899, issue of the Ameri¬ 
can Machinist, and which is 


Pi 2 


P‘i — °- oq o 6 ri 

2 > 


(95) 


where, 

P x = absolute initial air pressure in pounds; 

P 2 = absolute terminal air pressure in pounds; 
q = free air equivalent in cubic feet per minute of volume 
passing through the pipe; 
l — length of pipe in feet; 
d = diameter of pipe in inches. 


Tables 22* and 23* are given to facilitate the use of Mr. 
Johnson’s formula, and, in order to make clear the use of these 
tables, the following typical problems are solved. 

Example 1. — Suppose 2000 cubic feet of free air under 90 
pounds is required 1000 feet from the receiver. What size 
piping should be installed that will meet the requirements with 
100 pounds initial pressure? 

Substituting in formula: 

(114.7) 2 - (104.7) 2 - x,.»gg 


From Table 12, 


0.0006 X 30 QQ 2 X 1200 
II4.7 2 — IO4.7 2 

II47 2 - 13156 
XO4.7 2 “ IO962 


Hence, iV — P? =* 2194 for 1000 feet of pipe, or 219.4 for 
100 feet. 

Referring to Table 22, Pi 2 — P a 2 for xooo cubic feet of free air 
per minute through 3-inch pipe is equal to 247 and for 3§-inch 
pipe is equal to 114. Therefore, 3§-inch pipe should be used. 


* Laidlaw-1Jiran-Gordon Co.'s Catalogue. 
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In Table 23, 11,616 is between the squares of 92 and 94 pounds 
gauge pressures. Therefore, the terminal pressure would be 
about 93.5 pounds. 

Loss Due to Valves, Tees and Elbows. — Thus far in the 

discussion, we have assumed clean, straight pipe, free from 
valves, tees and elbows. All of these fittings, when installed in 
the pipe line, create additional friction loss and, consequently, 
their use should be dispensed with whenever possible. There 
are practically no experimental data to be had regarding the 
amount of loss caused by the addition of these fittings, with the 
exception of one or two tables given in air compressor manu¬ 
facturers’ catalogues. 

The Ingersoll-Rand Co., in their catalogue No. 74, state that 
the reduction of pressure caused by globe valves is equivalent 
to that caused by the following additional lengths of straight pipe: 

Diameter of pipe ) 1 ijfc 2 2$ 3 3$ 4 5 6 7 8 10 12 

Additional length} 2 4 7 xoi 3 16 20 28 36 44 53 70 88 

15 18 20 22 24 
115 143 162 181 200 

and the reduction of pressure caused by either elbows or tees is 
equal to two-thirds of that caused by globe valves, or, 

Diameter of pipe 1 1 i.J 2 2} 3 3J 7 8jco 12 1 5 r8 _20 

Additional length} 2 3 5 7 9 11 3° 35 47 59 77 96 108 

22 24 

120 134 

The more abrupt the change in direction of the pipe line, the 
greater will lie the retarding effect upon the contained air and, 
consequently, the greater will lie the loss. The resistance caused 
by an elbow increases as its radius of curvature decreases; there¬ 
fore, long sweep elbows or bent pipe should always be chosen. 
The following (Table 24), taken from the catalogue of the Nor¬ 
walk Iron Works Co., shows a relation of additional length of 
pipe to elbow radius in terms of pipe diameter. 

Table 25 shows the standard dimensions and weights of 
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Example 2.. — Suppose 2000 feet of 35-inch pipe is already 
installed, and the equivalent of 1000 cubic feet of free air per 
minute under 70 pounds pressure is desired at the end. What 
receiver pressure is necessary? 

Substituting in formula: 


Px 2 - 84 - 7 2 = 


o.ooo6 X xooo 2 X 2000 
3 - 5 2 


„ „ 0.0006 X 1000 2 X 2000 , o . _ 2 

Pi 2 =-^-b 84-7 


Referring to Table 11, 


3-5 


Pi 2 — P, 2 = 455 for 100 feet of pipe, or 9100 for 2000 feet. 


From Table 12, 

P 2 2 = (S4-7) 2 = 7 I 74 

Now 

Pi 2 = P2 2 + (Pi 2 - iV) = 16274. 

In Table 23, 16,274 is between the squares of xio and 115 
pounds gauge pressures. Therefore, an initial pressure of ap¬ 
proximately 113 pounds will be necessary. 

Example 3. — Suppose an air compressor having a free air per 
minute capacity of 500 cubic feet is discharging against a pressure 
of 100 pounds into a 2|-inch pipe line 1000 feet long, what will 
be the terminal pressure? 

Substituting in formula: 

114.7 2 - Pi* ---- 

„ 9 0.0006 X 500 2 X 1000 

p > - "4- t ? - 

From Table 12, 

Px 2 = 114.7 2 = 13156. 

From Table 11, 

Px 2 — P 2 2 = 154 for 100 feet of pipe, 

or 1540 for 1000 feet. 

Now 

P 2 2 = Px 2 - (Px 2 - P 2 2 ) 

= 11,616. 
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TABLE 26 

Standard Dimensions of Couplings for Steam, Gas and Water 
Pipe — Black and Galvanized 


Size of pipe, 
nominal, 
inside 
diameter 

Inside 
diameter of 
coupling 

Outside 
diameter of 
coupling 

Outside 
area of 
coupling 

Length of 
coupling 

Threads 
per inch 
of screw 

Average 
weight of 
coupling 
in pounds 

Inches 

i 

Indies 

n 

Inches 

as 

Sq. ins. 
0.276 

Inches 

1! 

27 

0.031 

1 

1 » 


0.405 

9 

18 

0.046 

* 

\ 

If 

u 

0.550 

*A 

18 

0.078 

IS 

1 

0-785 

1A 

14 

0.124 

i 


m 

1.382 

1A 
>1 

14 

0.250 

1 


‘it 

I- 9 I 7 

n| 

°- 4 S 5 

1 i 


4 f 

2.953 

4 

nl 

0.562 

if 

4 

It 

3.832 

2} 

nf 

0,800 

2 

* 7 

2 3 * 

5-939 

28 

nf 

I . 250 

2§ 

2 P 


8.411) 

2 

8 

1.757 

3 

3 4 

3 fi 

12.177 

3 i 

8 

2.625 

3 f 

3 i! 

4 1 'ft 

i5.466 

3} 

8 

4.000 

4 

4 1 i 

s, 

19.O35 

3 j 

8 

4.125 

4 l 

41 

sl 

23 • 758 

4 I 

8 

4.87s 

5 

5 A 

f>A 

30,347 

8 

8.437 

6 


7 A 

41.991 

4 s 

8 

10.625 

7 

m 3 

/ 1 


54-255 

4| 

8 

11.270 

8 

81 

op 

101 

O8.078 

4 f 

8 

15.150 

9 

9 A 

84.541 

5? 

8 

17,820 

10 

10 A 

nil 

106.O88 


8 

27.700 

it 

>ni 

*41 

l25 . 78 

of 

8 

33.250 

12 

nA 

131 

151 . 20 

fit 

8 

43-187 

*3 

i.di 

*sA 

178.16 

of 

8 

4Q . 280 

14 

Mil 

l6| 

2 to. 60 

of 

8 

63.270 

IS 

>s!i 

» 7 l 

337.10 

6 | 

8 

O6.000 
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wrought-iron pipe, all of which will be found useful in prepar¬ 
ing designs of air lines. 

In Tables 25 and 26 are specifications of screw and couplings 
for wrought pipe. 


TABLE 24 


Radius of elbow in terms of diameter of 

pipe. 

Equivalent length of straight pipe in 

terms of its diameter. 


5 

3 

2 


li 

I 

a. 


7.85 

8.24 

9-03 

10.36 

12.72 

17.SI 

35-09 

121.2 


TABLE 25 


Table of Standard Dimensions of Wrought-iron Pipe 


Nominal 

inside 

diameter 

Actual 

inside 

diameter 

Actual 

outside 

diameter 

Internal 

area, 

square 

inches 

External 

area, 

square 

inches 

U. S. gallon 
per foot 
of pipe 

Weight of 
pipe per 
lineal foot 

Inches 

Inches 

Inches 

Sq. ins. 

Sq. ins. 

Gallons 

Pounds 

i 

0.270 

0.405 

0.057 

0.1288 

0.0029 

O.24 

i 

0.364 

0.540 

0.104 

0.2290 

0.0054 

0.42 

I 

o -493 

0.675 

0.191 

0-3578 

0.0099 

0.56 

f 

0.622 

0.840 

0.304 

0.554 

0.0158 

0.84 

4 

0.824 

1.050 

°-533 

0.866 

0.0277 

1.12 

I 

1.048 

I. 3 I 5 

0.861 

1-358 

0.0447 

I.67 

ii 

1.380 

1.660 

1.496 

2.164 

0.0777 

2.24 


1.610 

1.900 

2.036 

2-835 

0.1058 

2,68 

2 

2.067 

2-375 

3-356 

4.430 

0.1743 

3.61 

2 § 

2.468 

2.875 

4.780 

6.492 

0.2483 

5.74 

3. 

3.067 

3 - 5 °o 

7-383 

9.621 

0.3835 

7-54 

3 i 

3-548 

4.000 

9.887 

12.566 

0.5136 

9.00 

4 

4.026 

4.500 

12.730 

15.904 

0.6613 

10.66 

4 l 

4.508 

5.000 

15.961 

19.635 

0.829 

12.34 

5 

5-045 

5.563 

19.986 

24.301 

1.038 

14.50 

6 

6.065 

6.625 

28.890 

34.472 

I.500 

18.76 

7 

7.023 

7.625 

38.738 

45.664 

2.012 

23.27 

8 

7.981 

8.625 

50.027 

58.426 

2.599 

28.18 

9 

8.927 

9.635 

62 .730 

72.760 

3-259 

33-70 

10 

10.018 

10.75 

78.823 

90.763 

4.095 

40.06 

11 

11.000 

11.75 

95.033 

108.434 

4-937 

45.02 

12 

12.000 

12.75 

II3.O98 

127.677 

5.875 

49.00 

13 

13.25 

14 

137.887 

153.938 

7.163 

54.00 

14 

14.25 

15 

159.485 

176.715 

8.285 

58.00 

15 

15.25 

l6 

l82.665 

201.062 

9.489 

62.00 


Air Line Design. — There are other factors besides pure 
efficiency of air transmission that should be considered in a pipe 
line design. To reduce to the absurd, it would be poor economy 
to transmit 250 cubic feet of free air per minute through a xo- 
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Solving 
iY = 12659 

Pi = 1X2.6 or a gauge pressure of nearly 98 pounds per 
square inch. 

Added to this, the loss caused by the four elbows and two globe 
valves makes initial pressure amount to 99.4 pounds. 

The Indicated Horse Power required to compress 5000 cubic 
feet of free air per minute up to 99.4 pounds pressure is (Table) 
5000 X 0.176 = 880 and which necessitates the generation of 
8S0 X 15 = 13200 pounds of steam per hour at the expense of 
13 20 pounds of coal. The yearly fuel cost for ten hours a day 
operation (Sundays excluded) then is 

X'O XJTJ X*i _ $6 
2000 

The cost of a six-inch pipe line and fittings, not including exca¬ 
vation or labor, would be about $1000.00. Taking interest and 
depreciation into consideration, the total operating expenses 
tabulate as follows: 


Fuel cost for one year. $6197.40 

Six |H*r cent interest, on pipe line......... 60.00 

Ten jH?r cent depredation on pipe line. 100.00 


$6357*40 

The cost now of a 7-inch pipe line and fittings, likewise exclusive 
of labor and excavation which would amount to practically the 
same as for 6-inch pipe, is about $1400.00. By the same method 
of calculating as previously employed, we find that for this 
size pipe line the operating, interest and depreciation charges 


tabulate as follows: 

Fuel cost for one year. $6076.00* 

Six per cent interest on pipe line. 84.00 

Six iter cent depreciation on pipe line. 140.00 

$6300.OO 


* Assumed 15.5 pounds steam consumption since the compressor is only 90 per 

cent loaded. 
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inch line, simply because the losses would be negligible. The 
interest on the investment, depreciation, and up-keep are really 
part and parcel of operating economy, but, unfortunately, are 
entirely lost sight of and sacrificed by “efficiency” enthusiasts 
in their designs of power plants, pipe lines, etc. 

To illustrate the proper method of procedure in long air-line 
design, consider the following hypothetical case: 

Suppose we are required to deliver the equivalent of 5000 cubic 
feet of free air per minute under 80 pounds pressure at the end 
of 2000 feet of pipe, with 100 pounds maximum on the receiver. 
Assume further, that the compressor installed or contemplated is 
the cross compound Corliss condensing steam end, two-stage air 
end and has a steam consumption of 15 pounds per I.H.P. hour. 
The boiler evaporation is, say, 10 pounds of steam per pound 
of coal, and the coal is worth $3.00 per ton delivered at the 
furnace. The conditions require four 90-degree bends and 
two globe valves. What size of piping is best suited to the 
requirements? 

We are limited to a pressure drop of 20 pounds gauge or 34.7 
pounds absolute; consequently, we must install a pipe line whose 
losses do not exceed this amount. First, then, determine accu¬ 
rately the size pipe having this maximum loss by substituting 
Mr. Johnson’s formula: 

« « 0.0006 X 5000 2 X 2000 

114.7 2 - 94.7 2 =--- 

Solving, 

d 5 = 7163 
d = 5.9 

No pipe is manufactured of the above inside diameter; therefore 
the smallest commercial fine possible, the limitations considered, 
is pipe of 6.065 inch inside diameter, or what is known as 6-inch 
standard pipe. In order to find the actual losses entailed in the 
use of this size pipe, again substitute in the formula as follows: 

0.0006 X 5000 2 X 2000 
6.065 5 


Pi 2 - 94 . 7 s 
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Pipe lines are constructed of cast iron, wrought iron or steel 
riveted pipe, and connecting joints are made with either sleeve 
or flange couplings. The typical air line is wrought pipe with 
sleeve couplings. Bends and fittings should be installed only 
where absolutely necessary for reasons as before given. Pro¬ 
vision should be made by blowing out water at the end of the 
line even if an additional valve and fittings are necessary. 
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For 8-inch pipe, 2000 feet of which would cost about $2000.00, 


the tabulation would be: 

Fuel cost for one year.. $6041. oof 

Six per cent interest on pipe line. 120.00 

Ten per cent depreciation on pipe line. 200.00 


$6361.00 “ 

A comparison of the totals show that 7-inch pipe is the proper 
size to install, all things considered. 

Loss of Power. — Besides the loss of head or pressure caused 
by friction, there is also a loss of power which is incident upon 
the cooling of the air after leaving the cylinder. This loss occurs 
in the receiver or in the first hundred feet or so in the pipe line, 
and is smaller per unit of length of pipe than the actual friction 
loss. In a measure, power loss is a compensation for friction 
loss in that, by cooling the air, its volume is diminished and, in 
consequence, the velocity decreased. The unavoidable loss due 
to heating and cooling of air has already been discussed. 

Air Pipe. — By far the most expensive loss in air piping is 
leakage. All joints should therefore be carefully made and a 
sealing compound used liberally. The compound should be 
applied on the male end of the joint, otherwise it will be forced 
inside of the pipe restricting the area, and increasing the air 
friction. In laying the line, each length of pipe should be 
thoroughly cleaned and care taken to avoid low points or pockets 
where water could accumulate and obstruct the passage of the 
air. After completing the line, it is a good plan to build up a 
pressure, hammer the pipe well and suddenly release the air at 
the end. This will loosen and remove any scale that may have 
resisted the first cleaning. 

For surface lines, expansion joints should be provided to take 
care of expansion and contraction resulting from varying tem¬ 
peratures of the atmosphere. This is not so important in under¬ 
ground piping because the temperature is practically constant 
the year around. 

f Assumed 15.75 pounds steam consumption since the compressor is only 
85 per cent loaded. 
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All of these laws are expressed in the well-known formula: 


where 


Hi 


f lv 

" J ~d 2 g 


(98) 


Hi = loss head in feet due to friction; 

/ = friction factor which varies with the diameter and nature 
of the inner surface of pipes; 
l = length of pipe in feet; 
d = diameter of pipe in feet; 

® 2 

— = velocity head. 

2 g 


The factor / is the uncontrollable quantity in the formula. 
It varies not only with the condition of the inner surface of the 
pipe, but also with the pipe diameter and the velocity of flow 
of water in the pipe. In Table 27 are given experimental values 
of / compiled from discussions of various authorities. The 
probable error in the values tabulated amount to about ten 
per cent. For approximate calculations the mean value of / may 
be taken as 0.02. 


TABLE 37 


Pipe 

Velocity in foot 'per Mcond 

cl % "i © t e IT ill 
feet 

1 

2 

3 

4 

6 

10 

*5 

0.05 

0 , 04 ? 

0,041 

0.037 

0.0.W 

0.031 

0.02© 

0,028 

0. i 

0,038 

0,032 

O.030 

0,028 

0.026 

0.024 

0.023 

0,25 

0.03a 

0,0i8 

0,036 

0,035 

0,034 

0.022 

0.021 * 

0.5 

0,028 

0.026 

0,025 

0,023 

0.032 

0.020 

0.OI© 

0.75 

0.026 

0,025 

0,024 

0.02a 

0.021 

0.01© 

0.018 

1 *0 

0.025 

0,024 

0.023 

0.032 

0.020 

0.018 

0.017 

1.25 

0.024 

0. oaj 

0,032 

0,021 

0.01© 

0.0*7 

0,0x6 

r-S 

0.023 

0,022 

0,021 

0,020 

0.0*8 

0,0*6 

0,015 

1 ■ 75 

0.022 

0.02* 

0.030 

o.orS 

0,0*7 

0.0*5 

0.0x4 

2.0 

©.Oil 1 

0,030 

0,01© 

0,017 

0.016 

0.0*4 

0.013 

2,5 

0.030 j 

0,01© 

O.OlS 

0,016 

0.0*5 

0.013 

0.012 

3 »° 

0,010 

o.ot8 

0,0l6 

0.0*5 

0,0*4 

0.0*3 

0 , 0 X 2 

3*5 

0,0*8 j 

0.017 

0.0l6 

0 . 0*4 

0,0*3 

0,012 


4.0 

0.017 

0.016 

0,015 

0.0*3 

0.0x2 

0.0* I 


5 *o 

0,01.6 

0,015 

0.014 

0,0*3 

0.012 



6.0 

0,015 

0,014 

O.OIJ 

0.012 

0,0x1 
















CHAPTER XIH 
FLOW OF WATER IN PIPES 

Theoretically the flow of water through pipes is in accord¬ 
ance with the fundamental formula: 

v = V 2 gh (96) 

where 

v = velocity of flow in feet per second; 
g = acceleration in feet per second due to gravity; 
h = head in feet at the pipe end causing the flow; 

Therefore, solving (96) for h we have 


If there were no friction losses or no entrance losses this formula 
would tell the whole story of the flow of water; but, like air, the 
flow of water through a pipe line is accompanied by a loss of 
head or pressure proportional to the length and diameter of pipe, 
quantity of water, condition of the inner surface of the pipe, 
etc. Many experiments have been performed with a view of 
establishing constants and formulas, notably those of D’Arcy, 
but errors in calculations of anywhere from 5 to 15 per cent are 
unavoidable. 

The laws governing the flow of water are summed up as 
follows: 

1. The loss in head due to friction is directly proportional to 
the length of pipe through which the water flows. 

2. The friction loss increases with the decrease in pipe diam¬ 
eter. 

3. The loss increases nearly as the square of the velocity of 
flow. 

4. The loss is independent of the pressure of the water. 

5. The loss increases with the roughness of the interior surface 
of the pipe. 


220 




FLOW OF WATER IN PIPES 


223 


TABLE 28 

Capacity in Gallons per Minute Discharged at Veiocities m 
Feet per Second, prom 3 to 15. Also Friction Head in 
Feet per ioo Feet Length of Pipe 


u 

5_! 

' i-Inch 

2-Inch 

3-In 

eh 

4-Inch 

I 5-Inch 

6-Inch 

«P 

8 

t>> 

*1 

O 

’■S 

1 

« 

0 

tl 


a 

.9 

*2 

in 

4*3 

i 

fl 

,0 

*§ 

« 

0 

•1 

§ 


rt 

O 

£ 

3 

i£ 

u 

£ 

1 

*8 

C0 

a 

<3 

I 

I 

c3 

i 

£ 

3 

4 

5 

6 

7 

8 

8 h 

9 
9 h 
10 
xoj 

IX 

n§ 

12 

13 

14 

15 

_ 

7-34 

9.79 

12.24 
14-68 
17.13 
19.58 
20.80 
22.03 

23.25 

24.48 

25.70 

26.92 

28.15 

29.37 

31.82 

34.27 

36,72 

4 .of- 
6, 83 
10.2 

143 

19 0 
24.5 

27.4 

30.5 

33.8 
37 3 

40.9 

44.7 

48.7 

52.8 
6*. 5 
71,0 
81.0 

29 37 
39 16 
4« 95 
58-74 
68-53 
78 32 
83.23 
88, u 
93.00 
97.5K> 
102,86 
107.69 
112,58 
117.48 
127,2? 
137.06 
146,85 

2,04 
3 4* 
5- *2 
7 *6 
9.54 
13,a 

*37 

15.2 
*6 9 
*8.6 

20,4 

22.3 
24 3 
26 4 
30 7 
35-5 
40-S 

66,09 
88,12 
no. 15 

*32.*8 
*54.21 
*76.24 
*8735 
*98,27 

209.24 

320 30 
23*,3* 
243,33 
253 34 
264,36 
386.39 
308.42 
330.4S 

*.3< 

2.2* 

34 
4 78 
6-3* 

8, if 

SMS 

la.l 

** ,2 
12 4 
*3-6 
*4 9 
*6.2 
*76 
20,5 
33 7 
27.0 

*17.50 

*86.67 

*95.70 

235.84 

27498 
3*4.*2 
333-75 
352,26 
37 I.90 
39*.40 
4**.05 
430-54 
450 20 
470.68 
509.82 
548.96 
587,*0 

1.0 

*.7 

2.5< 
3-5* 
•1.7' 
6.1. 
6,86 
7.64 
8.46 
9-33 
10.2 
11,1 
12.1 
*3.3 
*5 3 

17.7 

30,3 

I83.63 

244.84 

306.05 

367.26 

428,47 

489.68 

520.61 
550.89 
58I.25 
6*2,10 
642,43 
673.31 

703.62 
734.53 
795.73 
856,94 
9*8,15 

0,81 

*.3< 

2.0, 

2,H( 

3-8 

4.9C 

5.41 

6,n 

6.77 

7,46 

8.19 

8.95 

9*74 

*0.5 

12,3 

14.2 

*6,2 

5 264.24 

» 352.32 

440.40 
528.48 
6*6.56 
705.64 

749.01 

793.72 

837.08 

881.80 

925,20 

969.88 

10*3.3 

1057.9 

1*45.0 

1233.1 

*321,2 

0,68 
1.13 
1.70 
2.38 
3.18 
4.08 

4.57 

5.09 

5.61 

6,21 

6,82 

7.45 

8.11 

8,80 

ro,2 

11.8 

13.5 

is 

5 n 

7-1 no h 

8 Inch J 

9* Inch 

io-Inch 

la-Inch 

14-In* 

h 

£ 

% 

0. 

43 

'a 

1 

In 

1 

1 j 

u* 

| 

1 

>. 

1 

1 

jj» 

8 

•a 

b 

4* 

d 

0 

> 

s* 

c3 

2 

u 

il 

! 

& 

1 

u 

1 

O 

t s 

X 

Pk 

I 

P0 

3 

4 

5 

6 

7 

8 

H 

9 

91 

10 

10* 

11 

XI* 

12 

13 

14 

15 

359-79 
479.72 
599.65 
719.58 
839.51 
959-44 

1019.4 

1079.4 
1139-4 

1199.3 

1259.3 • 

1319.2 6 

1379.2 < 

1439.2 7 

1559.i a 
1679.0 1 

1799.0 x 

0.58,1 
0.976 
t,46 
2.05 
2,72 
i-49 
$.92 

4 • .0 

1 • 83 
? • 33 
J.«4 
»39 
. 95 
* 54 
'•79 

0. * 
x.C> 

470,04 

626,72 

783.40 

940.0ft 

1096.7 
*253.4 

*33*-5 

14*0.1 

*488 0 

1566.8 

1645.8 
*723.5 
1801,5 < 
*880,2 f 

3036.8 7 

2*93.5 *1 

U50.a * 

0 5*o| 594 78 
0.854: 793 04 

* 28 j 991 30 

*,79 | *I% 5 

2.38 1 1388 K 
4.0ft ] 1586.0 
i 43 f *683,0 

* «2 j *784,3 

23 *883 % , 

1.66 j 1982,6 4 

1.33 J 2082.7 4 
.59 ! 3*8* ,9 4 
** 2280,0 5 

60 j 2379.* 1 
-oo j 2577,4 6 
«7 ? 2776.6 7 
0,1 1 2074,9 9 

0-453 

0-7S9 

*■« 

*59 

13 

1,73 

*05 

140 

*76 

,*4 
-S5 
• 97 
,4* 

.87 

.84 

.88 

.60 

734.40 

97920 
*334,0 
*468,8 
*7*3.6 
1958.4 

2080.8 

2303,2 
3325,8' , 
2448,0 , 

2570.8 

2692.8 4 

28*5.2 4 

2937.6 5 

3*82,4 ( 

.4427.3 7 
.$672.0 8 

0,408 

0.683 

1,03 

*.43 

*,90 

2-45 

*.74 

1.05 

$38 

73 

<09 

,47 

,87 

.38 
• *5 
.10 
.*0 

*057.5 

*4*0.0 

1763.6 
3**5.* 

2467.6 

2820.1 
2996..$ 
3*73.7 

3348,9 

3525.2 , 

370*.4 ; 

3877.7 , 

4053.8 4 
4230, a 4 

4582.8 1 

4935.4 6 

5287.8 a 

0 347 
0,58* 
0.87* 
,2* 
*,62 
1.0K 
*33 
, 60 
i.HH 
U 7 
1,48 
,80 
,*4 

.49 

.23 

.03 

.89 

1439.0 ( 

*9*9.7 c 

2399.4 c 

2878,0 1 

3358.7 1 

3838.4 1 
4078.3 X 
43*8.1 a 
4558,0 a 
4798.0 2 

5037.7 2 

5277.5 3 

55*7.4 3 

5757.2 3 

6237.8 4 

6717.5 5 

7107.2 5 

3.201 

3.488 

5.731 

:.oa 

1.36 
.75 
■ 96 
.18 

1.42 

.66 

.92 

,19 

.48 

.77 

.40 

.06 

.70 
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In Table 28 is given the capacity in gallons of water per 
minute discharged at various velocities, also the friction head in 
feet encountered. The values given are for lengths of 100 feet. 

The friction loss in 
pounds may be com¬ 
puted by multiplying 
the tabular values by 
0.434. 

To determine the 
total loss occurring in 
straight pipe of uni¬ 
form diameter, the loss 
of entrance must be 
added to the friction. 
The entrance loss de- 
FlG - IO S- pends upon the shape 

of the pipe end. The 
straight standard end, 
the inward projecting 
end, and the bell end 
are shown in Figs. 104, 
105 and 106, respec¬ 
tively. The loss is 
greatest in the second named and least in the last named. The 
entrance loss may be expressed by the formu la : — 

= (99) 

where 



Fig. 106. 




c = 

j? = 

2 g 


constant, the value of which depends upon the pipe and 
design; 

velocity head as before. 


The values of C for the end shown in Fig. 105 is 0.93, for that 
shown in Fig. 104 is 0.49, and for Fig. 106 is o. It is customary 
to use 0.5 as the value of C in approximate calculations or where 
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the shape of the end is not stated. The entrance loss is very 
small in proportion to friction loss in very long pipe lines, but in 
short lengths, the entrance loss is often the greater. Therefore, 
to obtain the total head necessary to force the water through 
the pipe, all losses must be added to the velocity head or 

H = h + Hi + Hz (ioo) 


'Substituting the values previously determined, we have 


simplifying, 


2 g (i 2 g 2 g 

*-%(' + 4 +c ) 


(iOl) 


The above equation (ioo) is the fundamental formula for the 
flow of water in dean, straight pipe of uniform diameter having 
close joints. 

Loss in Bends and Elbows. — Like air, whenever the direction 
of flow of water is changed there result additional losses to be 
overcome. Take an elbow, for instance: the water traveling in 
a straight line impinges on the outer wall of the bend, increasing 
the pressure along that surface and in a direction away from the 
center of the radius of curvature. Eddying motions, with the 
resulting impact of water particles occur, and energy is trans¬ 
formed into heat which is dissipated. The loss in long, easy 
bends is small, and is considerably greater in proportion for 
elbows in small pipes than for large ones. 

The laws stated at the beginning of the chapter for losses by 
friction- in straight pipe, apply also for curvature losses. There¬ 
fore, we may write the following formula: 

(i ° 2) 

where 

//j * loss in feet; 

/i » curve factor, the value of which depends upon the ratio 
of radius of curve R, to diameter of pipe d; 
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TABLE 28. — (Continued) 


Capacity in Gallons per Minute Discharged at Velocities in 
Feet per Second, from 3 to 15. Also Friction Head in 
Feet per ioo Feet Length of Pipe 


1 & 

CtJ cn 

S*® 1 

iS-Inch 

18-Inch 

20-Inch 

22-Inch 

24-Inch 

26-Inch 

Velocity 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

j Friction 

3 

1652.2 

0.272 

2 , 379-7 

0.227 

2 , 937 .o 

0.204 

3 , 554.1 

5.185 

4,230.3 

3.170 

4,964.2 

0.157 

4 

2203.0 

0.455 

3,172.6 

0.379 

3,916.0 

0.342 

4 , 739-8 

3.3x0 

5,640.0 

3.284 

6,619.0 

3.262 

s 

2754.7 

0.682 

3 , 965.5 

0.569 

4,896.0 

0.512 

5 , 924.5 

3.465 

7,050.8 

3.426 

8,274.7 

0.394 

6 

3304.4 

0.955 

4 , 758.4 

0.795 

5 , 875.0 

0.717 

7,108.2 

3.651 

8,460.6 

0.597 

9 , 929.5 

0.550 

7 

38SS.2 

1.27 

5 , 552.3 

1.06 

6,854.0 

0.954 

8,293.9 

3.866 

9 , 870.3 

0.794 

11,583 

0.753 

8 

4406.9 

1.63 

6 , 345-2 

1.36 

7 , 833.0 

1.22 

9 , 478.6 

[.II 

11,280 

1.01 

13,238 

0.940 

8* 

4688.1 

1.82 

6 , 741.9 

1.52 

8,323.6 

1.37 

10,071 

[.25 

11,985 

1.14 

14,066 

1.05 

9 

4957-7 

2.04 

7 , 138.1 

1.70 

8,812.0 

1.53 

10,663 

1.39 

12,690 

1.27 

14,893 

1.17 

9 * 

5232.1 

2.2S 

7 , 534-8 

1.88 

9,302.6 

1.69 

11,255 

1.54 

13,395 

1.40 

15,721 

1.30 

10 

5508.4 

2.50 

7 , 931.0 

2.07 

9,792 

1.87 

11,848 

1.69 

14,100 

1-55 

16,548 

1.43 

101 

5783.4 

2.73 

8,328.8 

2.27 

10,281 

2.05 

12,440 

1.86 

14,805 

1.70 

17,375 

1.57 

IX 

6058.2 

2.98 

8 , 724.9 

2.48 

10,771 

2.24 

13,033 

2.03 

i 5 , 5 io 

1.86 

18,202 

1.72 

IX* 

6334.6 

3.25 

9 , 121.7 

2.70 

11,258 

2.43 

13,625 

2.21 

16,215 

2.03 

19,029 

1.87 

12 

6609.9 

352 

9 , 517.8 

2.93 

11,750 

2.64 

14,217 

2.40 

16,920 

2.20 

19,857 

2.03 

13 

7160.6 

4.10 

10,310 

3-42 

12,729 

3.08 

15,402 

2-79 

18,330 

2.56 

21,511 

2.36 

14 

7711.4 

4-73 

11,104 

3-93 

13,708 

3-55 

16,587 

3.22 

19,740 

2.95 

23,166 

2.73 

IS 

8262.1 

5.40 

11,897 

4.50 

14,688 

4.05 

17,772 

3.68 

21,150 

3-37 

-3- 

30 

cf 

3 .11 

1& 

o ft 

28-Inch 

30-Inch 

32-Inch 

36-Inch 

42-Inch 

48-Inch 

Velocity | 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

3 

5,757.2 

0.146 

6,609 

0.136 

7 , 519.7 

0.127 

9,518 

0.113 

12,954 

0.097 

16,921 

0.08s 

4 

7,676.2 

0.244 

8,812 

0.227 

10,026 

0.213 

12,690 

0.189 

17,272 

0.163 

22,561 

0.143 

5 

Q. 5 Q 6.3 

0.366 

11,015 

0.341 

12,532 

0.320 

15,863 

0.284 

21,590 

0.244 

28,201 

0.213 

6 

11,514 

0,512 

13,218 

0.478 

15,039 

0.447 

19,033 

o .397 

25,908 

0.341 

33,841 

0.298 

7 

11.434 

0.681 

15,421 

0.636 

17,546 

0.591 

22,208 

0.528 

30,226 

0.454 

39,482 

0.397 

8 

15,353 

0,875 

17,624 

o.8xf 

20,052 

0.764 

25,381 

o.67g 

34,544 

0.58: 

5. 45,122 

0.510 

84 


0.980 

18,725 

0.9x5 

21,306 

0.857 

26,967 

0.76c 

36,704 

0.65; 

47,942 

0.571 


T 7,273 

x.09 

19,827 

1.or 

22,559 

0.954 

28,554 

0.847 

38,863 

0.72? 

50,762 

0.636 


T84231 

1,21 

20,928 

1.12 

23,812 

1.06 

30,140 

0.938 

41,022 

0.80 

53,582 

0.694 


I 9 ,X 92 

1.33 

22,030 

1.24 

25,065 

1.16 

31,726 

1.03 

43 ,i 8 i 

0 

bo 

CO 

56,403 

0.778 


20,150 

1,46 

23,131 

1.36 

26,319 

1.28 

33,313 

1.13 

45,340 

0.97, 

59,223 

0.851 

XI 

21,XXI 

1.60 

24,233 

i .49 

27,572 

1.40 

34,899 

1.16 

47,499 

x.06 

62,043 

0.930 


22,069 

x.74 

25,338 

1.62 

28,825 

1.52 

36,485 

1.35 

49,658 

1.16 

64,863 

1.00 


23,030 

1.89 

26,436 

1.76 

30,079 

1.65 

38,072 

1.46 

51,817 

1.26 

67,683 

1.10 



2.20 

28,639 

2.05 

32,585 

I.92 

41,244 

1.70 

56,135 

1.46 

73,324 

1.28 


26,869 

2.53 

30,842 

2.37 

35,092 

2.21 

44,417 

1.97 

60,453 

1.69 

78,964 

1.48 

IS 

|28 ( 788 

2.89 

33,045 

2.70 

37,598 

2.53 

47,590 

2.24 

64,771 

1.93 

84,604 

1.69 
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TABLE 29 

Friction of Water in Elbows 

^P ressure in Pounds per Square Inch to be Added for Each Elbow) 


"Gallons 
per min. 
delivered ^ 

----- - . V- 

Pipe sizes 

2 

2 \ 

3 

3 h 

4 

s 

6 

7 

8 

9 

10 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

60 

70 

75 

80 

90 

100 

125 

150 

175 

200 

250 

3 00 
350 
400 
450 
500 
75 0 
1000 
1250 
1500 

O . 002 
0.006 
0 . 0 X 4 
0.025 
O.O38 
0.055 
O.076 
O.098 
0.125 
0.X53 
0.22 

0.304 

0.35 

o- 39 2 

0.50 

0.612 

0.970 

i -39 

1.90 

2.44 

3-86 

5-56 

0.003 

0.005 

0.012 

0.02 
0.028 
0.037 
0.049 
O .062 
0.08 
0.112 
O.X48 
0.172 
O.X96 
O.248 
O.32 
O.48 
O.685 
o -935 
x .128 
1.91 
2.74 
3-77 

5-i2 

6.20 

7.64 

0.005 
0.008 
o.oxx 
0.015 
0.02 
0.026 
O.O32 
O.044 
0.06 
0.072 
0.08 
0.104 
0.128 
0.20 
0.286 
O.39O 
0.512 
0.80 
1.14 
X .58 
2.05 
2.58 
3.20 

0.009 

O.OXX 

0.0X5 

0.0X7 

0.026 

0-035 

0.04 

0.044 

0.06 

0.068 

0.1x2 

0.16 

0.218 

0.272 

0.446 

0.64 

0.88 

1.09 
1-45 
1.78 

0.007 

0.009 

0.01 

0.015 

0.021 

0.024 

0.027 

0.035 

0.043 

0.067 

O.O96 

0.132 

0.172 

0.268 

O.384 

O.53O 

0.688 

0.870 

1.07 

2.42 

4.28 

6.70 

9.68 

0.006 

0.009 

0.01 

0.0X2 

0.0X4 

0.0X7 

0.027 

O.O39 

0.053 

0.068 

O.IO9 

O.I56 

0.215 

0.272 

0.352 

0.436 

O.97O 

1.74 

2.71 

3-88 

0.003 
0.004 
0.005 
0.005 
0.007 
0.008 
0 .0X3 
0.019 
0.026 
0.032 
0.025 
0.076 
0.103 
0.128 
O.17C 
0.208 
> 0 . 47 C 
0.832 
I- 31 
1.88 

0.002 

0.003 

0.003 

0.004 

0.005 

0.007 

o.ox 

0.014 

0.02 

0.029 

O.O42 

0.057 

1 0.08 

> O.094 

1 O.Il6 

> 0.26c 
! O.464 

O.728 

O.84 

0.003 

0.004 

0.006 

0.009 

O.OII 

0.017 
0.025 
0.034 
0.044 
, 0.057 
0.068 
» 0.156 
. 0.275 
1 0.438 
0.624 

0.002 

0.003 

0.004 

0.005 

0.007 

O.OII 

0.016 
, 0.022 
. 0.028 
0.036 
1 0.044 
1 0.10 
! O.I76 
; 0.276 
[ 0.40 

0.002 

0.003 

0.004 

0.005 

0.007 

0.01 

0.014 

0.018 

1 0.023 
. 0.028 
0.063 
> 0.112 
) 0.175 
0.252 


Loss in Valves. — The presence of globe valves, cocks or gate 
valves in a pipe line to regulate the flow of water causes additional 
losses. This from the fact that obstructions are offered to the 
flow, and the loss increases as the area of the opening is reduced 
by closing the valve. Of the three types of valves mentioned, 
the gate type is the least harmful, and, consequently, should be 
used wherever efficiency of flow is required. Thus the throttling 
loss is expressed by the formula: 

H 4 = Ci— (103) 

2g 
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d = diameter of pipe in feet, 

= velocity head. 

U 

We know very little about the value of/i and what we do know 
is obtained from experiments performed either on bends in hose 
or curves without joints. In actual practice, poorly made joints 
must be contended with, and it is quite probable that losses 
from this source are much greater than purely curvature losses. 

Professor Merriman in his Treatise on Hydraulics has com¬ 
puted front \\ eisbai h s formula of qo-degree curve losses, the 
following values of /, for various ratios of curve radii to pipe 
diameters: 

For R d - 20 to 5 3 2 t -5 1 

/, - 0.004 o.ooti o.oi6 0,03 0.047 0.07.’ 0.184 

Webhach’s formula is accurately applicable only to bends in 
small pipes of smooth interior and free from joints. Professor 
Merriman has also 11 imputed the values from measurements 
math* by Williams, Huhbcll and Fenkell, on 12-inch and 30-inch 
cast-iron water mains in Detroit, Mich. For 30-inch pipe, the 
values are: 

For ft.fi “20 16 10 6 4 2 *4 

ji - 0,036 0.037 0.047 o.otn 0.072 

and for t j-im h pipe the values are: 

For R fi m 4 S at 

/, «•» 0.05 0.06 0.06 0.2 

These values are possibly more accurate than Weisbach’s, 
because of the presence in the bends tested of the rougher sur¬ 
faces and joints met with in practice. 

In Table 29 are given the pressure losses in pounds per square 
in, it in i ibmvs or short lientLs. The table is based on Weisbarh s 
formula, and conversion to feet head may be made by multi¬ 
plying >»>' 3 -i i - 


FLOW OF WATER IN PIPES 


229 


Velocity. — Thus it is seen that, in making calculations of 
losses or computing pipe sizes, it is necessary that the velocity 
(v) of water travel be known. In Formula (100), we liave con¬ 
sidered the velocity head, the friction and the entrance losses, but 
in actual practice the pij>c line usually has elbows, valves, and 
often reductions in pipe diameter. To derive a formula that 
will embody all the essentials of practice, it is necessary that the 
losses calculated in Formulas (102}, (103) and (104), be added 
to (100), making the total head as follows: 

// ■> h -}- Hi f IIi -F Ilg -}• H\ (105) 


Substituting the various equivalents, we have 

+//• + <.■’% A 

ag dig sg * dig 2 g 

Simplifying: 


11 m q g ( l +/^ + +/»| + Cj ( 106 ) 


solving for v we have 


_ uL 


1 -f+ C +/i - + Ci 


(107) 


For straight pipe without valves or elbows and with standard 
flush end entrance, the velocity is expressed by: 


1 Rh 

15 +! d 


(108) 


This is the formula usually employed in velocity computations. 
It is quite evident, however, that no direct calculations are 
possible because the friction factor / is necessarily a function of 
the velocity, v. To apply the formula to any specific case, a 
series of approximations or assumptions must be made until the 
value of / is in conformity with the calculated value of v. In 
other words, we first assume a value for /, substitute in the for¬ 
mula and determine the velocity, r, next consult the table and 
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where 

head loss in feet; 

constant the value of which depends upon the area open 
to flow, 

velocity head. The velocity v is that in the pipe and 
not that through the opening in the valve. 

From Weisbach’s experiments, the following valves of C have 
been computed. If a is the distance the gate valve is closed, 
then, 

For n/ri — n i A 3 l 5 3 7 

ror a/ a — o 8j ¥ 2 848 

Ci — o 0.07 0.26 0.81 2.1 5.5 17 98 

Losses of Expansion or Contraction of Section. — Whenever 
the cross-sectional area in a water pipe is suddenly increased or 
decreased there occurs a loss of head due to formation of eddies. 
Sudden expansion or contraction of section may be regarded in 
the same manner as a partially closed gate valve in the line. 
The loss due to these causes is expressed by the formula: 


F 4 = 

Cx = 


2g 


where 



(104) 


Us = loss in feet; 

C _ area of pipe 


x j x for sudden 

area of contracted section 

_^ area of contracted section „ 

equals -—-for 

area of pipe 


expansion or 
sudden con¬ 


traction; 

— = velocity head. 
2 g 


For sudden contraction of area, v = 


velocity in the smaller area while for sudden expan¬ 
sion, v = velocity in the larger section. 


It is customary to use formula (104) as denoting the sum of the 
valve loss and sudden contraction losses. 
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where, 

q = cubic feet of water per second; 
a » cross sectional area of the pijw in square feet; 

v ■ velocity in feet per second ami is determined 1 *.V method 
just previously described, 


F<»r<i in Formula (109), we may substitute its equivalent, 1 mP , 
ami for v its equivalent ;is written in (7H;. Expression t»uu) 
then becomes: 

q ■» i wtP hlL . .. (no) 

v l 


This expression holds for straight pipe free from curves and 
valves. If these latter are installed in the line, the formula 

expressing quantity of discharge becomes: 


9 



.... u!L 

>5 +/j +/t 


h 

d 


+ Ci 


(in) 


The application of this formula is self-evident. 

Pipe Diameter. ■- By transposing and solving (test) for 
follows, we have 



«•* +4 

%n 


d, as 


multiplying through by d 

d‘-^(i. 5 d+/0| 

d <*+/*)# ( U2 ) 

which gives the diameter of the pipe in feet when the values of 
the other symbols are known. 

The application of this formula is quite similar to that for 
velocity. The usual method of procedure is: 
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ascertain the value of / corresponding to the just calculated v. 
Solve the formula with the new value of / substituted therein. 
This will give a new value for v, and the table is again consulted 
for a value of / corresponding to it. This operation is repeated 
until the tabular value of / is the same, or nearly, as that used 
in the formula. 

Suppose, for instance, that we have a 6-inch pipe line 2000 
feet long with a head of 10 feet, what is the mean velocity of 
discharge? Assume a value of 0.02 for/, and substitute various 
other values in formula (77) as follows: 


= 2.79 feet per second. 


Referring to Table 16, the value of / for 6-inch pipe and 2.79 
feet per second velocity is 0.025. Substituting this in the 
formula we have: 

64.32 X 10 

„ . 2000 

1.5 + 0.025 — 

v = 2.52 feet per second. 

Again referring to the table, the value of / for 2.52 feet per second 
is 0.0255. Substitute this value, and we have: 

64.32 X 10 

. 2000 

1.5 + 0.0255 — 

z> = 2.49+ feet per second. 

Referring to the table for the third time, the value of / is 0.0255, 
which is the value we have used. Therefore, 2.49 feet per second 
is the probable velocity. 

Capacity. — The discharge capacity of a pipe in cubic feet per 
second can be found by substituting in the formula 




11 = 


64.32 X 10 


1-5 + 0.02 


2000 

°-5 
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1. Assume/ = 0.02 and substitute in the formula; 

2. Neglect (1.5 d) in the right-hand member of the formula; 

3. Solve the formula, ascertaining an approximate value of d; 

4- Compute from q = av the velocity corresponding to the 

approximate diameter; 

5. Refer to Table 16 and ascertain the value of / correspond¬ 
ing to the above pipe diameter and velocity; 

6. Substitute the new value of / and the approximate value 
of d in the right-hand member and solve. 

Repeat this operation until component factors, that is, / and 
v, agree or nearly so, and the result will be a diameter size that 
will satisfy the conditions. 

Design. — The remarks in the previous chapter pertaining 
to air-line design and construction apply also to water-line design 
and construction. Long water lines are usually made with cast- 
iron bell and spigot pipe laid beneath the ground surface to 
prevent freezing in cold weather. 
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